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Abstract 
 Axon pathfinding is an important process required for the establishment of proper 
neuronal connections during development.  An increasing number of secreted and 
membrane-anchored molecules have been identified as axon guidance cues, which can 
act as positive or negative factors to increase or decrease the growth of axons and 
influence the direction of axonal growth.  These axon guidance factors present in the 
extracellular environment interact with receptors present on the growth cone, a structure 
located at the tip of the axon which functions as the motor unit for the axon.  Upon 
binding to their receptors on the growth cone, the guidance factors then elicit an 
intracellular signaling cascade within the axon that ultimately influences the direction of 
axon growth, often through a direct, non-transcriptional mechanism.    
 In this dissertation, we show that Sonic hedgehog (Shh) acts as an axon guidance 
factor for chick retinal ganglion cell (RGC) axons in a concentration-dependent manner.  
At a low concentration, Shh functions as a positive factor that induces axon growth and 
attractive turning while, at a high concentration, Shh functions as a negative factor that 
induces axon retraction and repulsive axon turning.  We further characterized the effects 
of Shh on macropinocytosis, a fluid-phase type of endocytosis, in the axons.  A high 
concentration of Shh significantly increased macropinocytosis in the axons.  
Macropinocytosis resulted in the generation of large, dextran-positive, clathrin-
independent vesicles in the axonal growth cones, prior to growth cone collapse, axon 
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retraction and repulsive axon turning.  These vesicles were found to require dynamic F-
actin, nonmuscle myosin II and dynamin for their formation but were formed 
independently of PI3 kinase signaling.   
 Interestingly, a low concentration of Shh had an opposite effect on 
macropinocytosis.  A low concentration of Shh and soluble laminin decreased 
macropinocytosis and additionally increased the turnover of these vesicles within the 
axons, suggesting positive axon guidance factors can additionally regulate downstream 
processing or maturation of these vesicles.  The effect of Shh on regulating the motility of 
macropinosomes within the axons was investigated.  A low concentration of Shh 
appeared to increase the motility of these vesicles along axonal microtubules in a cAMP-
dependent manner.  However, a high concentration of Shh did not appear to affect the 
motility of the macropinosomes, suggesting that it likely plays a more predominant role 
in the formation of these vesicles within the growth cone.   
 When we began this work, a large body of research existed describing the effects 
of guidance factors on regulating the cytoskeleton during axon motility.  However, the 
role of membrane trafficking events during axon growth and guidance were very poorly 
characterized.  Since we began this project, an increasing number of reports have shown 
that endo- and exocytosis are important for axon growth and, here, we show that 
macropinocytosis induced by negative axon guidance factors plays a critical role in 
growth cone collapse, axon retraction and repulsive axon turning.  Positive axon guidance 
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factors also affect macropinocytosis within the axons and additionally regulate their 
maturation, suggesting that membrane trafficking events mediated by axon guidance 
factors are important for regulating axon growth and pathfinding.   
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Chapter I.  Introduction 
 
Axon guidance 
 During development, neurons extend an axon, which is the neuronal process that 
propagates electrical impulses and sends signals to the cells on which it synapses.  The 
axons are required to form precise connections to ensure proper nervous system function.  
However, little is known about how the complex neural circuitry is established.  
Understanding the mechanisms underlying axon pathfinding may be important for 
understanding the causes of some neurological diseases, as recent studies show that 
abnormalities in circuitry formation during brain development may cause neurological 
disorders such as autism and epilepsy (Skoyles, 2002; Ponnio and Conneely, 2004; 
Waage-Baudet et al., 2005).  Additionally, a better understanding of the mechanisms 
governing axon growth and guidance during development may contribute to a better 
understanding of how to induce axon regeneration in the adult central nervous system 
following degeneration or injury.   
 The axon is a highly polarized process that extends from the neuronal cell body 
and consists of the axon shaft and the growth cone, which is located at the distal tip of the 
axon (Fig. 1.1).  The axon shaft is enriched in microtubule and neurofilament cytoskeletal 
proteins.  The microtubule polymers are arranged in a parallel arrangement within the 
axon shaft such that the ‘plus ends,’ or growing ends, are directed towards the distal tip of 
the axon while the ‘minus ends’ are directed towards the cell body (Baas et al., 1988).   
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Figure 1.1.  Diagram of a neuron.   
Neurons are highly polarized cells within the nervous system that have specialized 
processes extending from the cell body.  Dendrites are responsible for receiving signals 
from other cells, while the axon is responsible for sending signals to the cells on which it 
synapses.  At the distal tip of the motile axon is a structure known as the growth cone, 
which serves as both a motor and guidance unit.  Lamellipodia and filopodia located at 
the growth cone probe the extracellular environment during navigation. 
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This unipolar parallel arrangement facilitates the movement of organelles, vesicles and 
mRNAs along the microtubules via microtubule-based motor proteins.  Plus-end directed 
motor proteins of the kinesin family are important for delivering mitochondria, mRNAs 
and proteins to the growth cone while minus-end directed motor proteins of the dynein 
family are important for delivering neurotrophins and signaling endosomes to the cell 
body (Ginty and Segal, 2002; Hirokawa and Takemura, 2004, , 2005).  In addition, the 
transport of membranous organelles along microtubules to the growing tip of the axon 
may be necessary for the physical process of membrane expansion required for axon 
elongation.  In fact, exocytosis and incorporation of cell body-derived vesicles have been 
shown to occur specifically in the growth cones of Xenopus neurons (Zakharenko and 
Popov, 1998).  Neurofilaments, a type of intermediate filament protein, also provide 
support within the axon shaft; however, their role is less well understood (Nixon and 
Shea, 1992). 
 At the tip of the growing axon is the specialized structure, known as the growth 
cone, which serves as both a motor and guidance unit.  The growth cone is a fan-shaped 
structure that contains an F-actin-rich peripheral region and a microtubule-rich central 
core domain, which extends down the length of the axon shaft.  Lamellipodia and 
filopodia at the growth cone periphery probe the extracellular environment and interact 
with a number of molecules, known as axon guidance factors, that function to guide 
axons to their appropriate destinations within the developing nervous system (Dickson, 
2002).  These factors, which can be diffusible or membrane bound, interact with 
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receptors on axonal growth cones.  The interaction of the guidance factor with the 
receptor on the growth cone results in either a positive or negative response within an 
axon that regulates axon outgrowth and directional motility (Chisholm and Tessier-
Lavigne, 1999).  Positive axon guidance factors can promote axon growth and attractive 
axon turning while negative axon guidance factors can induce axon retraction and 
repulsive axon turning (Fig. 1.2).  In developing neurons, axons display extremely 
dynamic behaviors including growth, pauses and retraction (Halloran and Kalil, 1994).  
Axon retraction initiates with growth cone collapse, which is characterized by the loss of 
lamellipodia and filopodia in the growth cone.  Many axon guidance molecules trigger 
growth cone collapse and axon retraction by regulating actin dynamics (Tessier-Lavigne 
and Goodman, 1996; Gallo and Letourneau, 2004; Zhou and Cohan, 2004; Kalil and 
Dent, 2005), and inhibition of actin polymerization has been shown to block axon 
retraction (Solomon and Magendantz, 1981; Letourneau et al., 1987; Ahmad et al., 2000).   
 There is a large diversity of guidance molecules, however, the molecular and 
cellular mechanisms by which guidance factors affect axon migration are still not well 
understood (Dickson, 2002).  It has also been shown that most guidance cues can elicit 
both positive and negative effects depending on various factors, including the 
intracellular levels of second messengers, such as cyclic nucleotides and Ca2+ (Song and 
Poo, 1999).  In fact, cyclic nucleotides, cAMP and cGMP, have been shown to have a 
modulatory effect on the response of axons to guidance factors but are not necessarily 
involved in mediating the downstream signaling events.  Often, activation of cyclic  
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Figure 1.2.  Axon guidance factors mediate growth cone steering.   
During development, axons travel through the extracellular environment in order to reach 
their appropriate synaptic targets.  Axon pathfinding is directed by axon guidance factors, 
which interact with receptors expressed on the axonal growth cone.  Guidance factors 
induce either positive or negative responses in the axons.  Positive axon guidance factors 
(+) can promote axon growth and attractive axon turning while negative axon guidance 
factors (-) can induce axon retraction and repulsive axon turning.   
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nucleotide signaling is associated with the response of axons to positive factors while 
inhibition of cyclic nucleotide signaling is associated with the response of axons to 
negative factors.  For example, it has been shown that attractive axon turning induced by 
netrin-1, brain-derived neurotrophic factor (BDNF) and acetylcholine can be converted to 
repulsion by inhibiting cAMP signaling with cAMP antagonists (Ming et al., 1997; Song 
et al., 1997).  Conversely, repulsive axon turning induced by myelin-associated 
glycoprotein (MAG) or Sema III can be converted to attraction by activating cAMP or 
cGMP signaling, respectively (Song et al., 1998).   
 Further investigation has shown that the ratio of intracellular cAMP to cGMP is 
important in determining the response of the axon to a guidance factor by controlling the 
activity of Ca2+ channels and therefore regulating the intracellular levels of Ca2+ in the 
axons (Nishiyama et al., 2003).  For example, both netrin-1-induced attraction and MAG-
induced repulsion of Xenopus spinal axons are mediated by Ca2+ signaling, as both 
guidance factors elevate intracellular Ca2+ concentrations within growth cones and 
require Ca2+ to induce the turning responses.  However, netrin-1 induces a higher 
elevation in the concentration of intracellular Ca2+ than MAG, suggesting that the 
amplitude of Ca2+ elevation may be responsible for the switch between axon attraction 
and repulsion (Hong et al., 2000; Henley and Poo, 2004; Henley et al., 2004; Wen et al., 
2004).  Furthermore, gradients of a Ca2+ ionophore can directly mediate growth cone 
turning, such that high Ca2+ levels induce attraction while low Ca2+ levels induce 
repulsion (Henley et al., 2004).  While it is still not clear how Ca2+ signaling mediates 
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axon guidance, activation of Ca2+-dependent kinases and phosphatases can regulate a 
variety of targets within the growth cone, such as the actin cytoskeleton, Rho GTPases 
and cell adhesion molecules (Gomez and Zheng, 2006).  
 Recent papers show that the concentration of guidance factors may also be 
important in determining the effect of a factor on axon growth and guidance (Conti et al., 
1997; Hansen et al., 2004; Kolpak et al., 2005; Schmitt et al., 2006).  In fact, an 
increasing number of classical morphogens such as bone morphogenetic protein (BMP), 
hedgehog and Wnt family proteins, which induce cell differentiation in a concentration-
dependent manner, have been emerging as axon guidance factors (Augsburger et al., 
1999; Trousse et al., 2001; Charron et al., 2003; Lyuksyutova et al., 2003; Yoshikawa et 
al., 2003; Kolpak et al., 2005; Schmitt et al., 2006).  The morphogen, Wnt3, has been 
shown to act in a concentration-dependent manner to affect axon growth and guidance.  
Wnt3 is expressed in a gradient within the chick optic tectum and mouse superior 
colliculus and acts as a positive factor for the growth of mouse and chick retinal ganglion 
cell (RGC) axons at a low concentration and a negative factor at a high concentration.  It 
was discovered that the concentration-dependent effect of Wnt3 was mediated by 
activation of different receptors.  The positive growth response is mediated by binding of 
Wnt3 to Frizzled (Fz), a low affinity receptor, while the negative growth response is 
mediated by binding to the high affinity receptor, Ryk (Schmitt et al., 2006).  Consistent 
with this, Fz has also been shown to mediate Wnt4-induced attraction of mouse spinal 
commissural axons while Ryk has been shown to mediate Wnt5-induced repulsion of 
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Drosophila commissural axons and mouse corticospinal axons (Lyuksyutova et al., 2003; 
Yoshikawa et al., 2003; Liu et al., 2005). 
 Although not considered a classical morphogen, the axon guidance factor, ephrin-
A2, acts in a concentration-dependent manner to regulate the growth of mouse RGC 
axons (Hansen et al., 2004).  Ephrin-A2 is a member of the ephrin family of axon 
guidance factors and is expressed in a gradient within the optic tectum/superior 
colliculus, which is the target destination for the RGC axons.  Ephrin-A2 expressed by 
target cells is anchored to the membrane via a glycosylphosphatidylinositol-linkage and 
binds to the Eph receptors expressed on the surface of the RGC axons (Wilkinson, 2000; 
Grunwald and Klein, 2002).  Through in vitro axon outgrowth assays, ephrin-A2 was 
shown to positively regulate axon growth at a low concentration but negatively regulate 
axon growth at a high concentration.  However, it was concluded that the positive effect 
of ephrin-A2 at a low concentration is likely due to adhesion of the Eph receptor 
expressed on the RGC axons to the membrane-bound ephrin-A2 ligand expressed on 
adjacent cells because addition of soluble ephrin-A2-Fc fusion protein to the culture 
media only induced growth inhibition and failed to show any growth promotion across a 
range of concentrations and oligomerization states (Hansen et al., 2004).   
 Lastly, it has been shown that nerve growth factor (NGF), which is a member of 
the neurotrophin family that is essential for development and maintenance of the nervous 
system, can act in a concentration-dependent manner to affect the growth of embryonic 
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rat dorsal root ganglion (DRG) axons.  At a low concentration of 10-20 ng/ml, NGF 
induced optimal axon growth within 2 hours after protein addition.  At a high 
concentration of 200 ng/ml, NGF caused significant axon growth inhibition within 1 hour 
after protein addition but this was not due to increased neuronal cell death (Conti et al., 
1997).  The authors speculated that the concentration-dependent effect was regulated at 
the receptor level, where excess NGF would stabilize TrkA receptor monomers, instead 
of inducing dimerization, and then activate an alternate signaling pathway.  Collectively, 
these reports show that an increasing number of proteins are being found to act in a 
concentration-dependent manner to regulate axon growth and guidance.   
The retinotectal system  
 The neural retina is the light-sensing tissue within the eye responsible for 
converting light information into electrical impulses for visual processing.  During 
embryonic development, the retina is formed from the neural tube, making it a part of the 
central nervous system.  It is comprised of several different cell types organized into 
distinct cellular layers. The retinal ganglion cells (RGCs) are the only output neuron 
within the retina and send axons to and make specific connections within the brain.  The 
RGC axons have a highly stereotypical projection and the projection of their axons 
provides an accessible in vivo model system for studying axon guidance.  The RGC soma 
are located within the ganglion cell layer and their axons traverse through the optic fiber 
layer and project toward the center of the retina to the optic disc, where they then exit the 
eye (Oster et al., 2004) (Fig. 1.3).  In the developing chick embryo, RGC axons begin to  
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Figure 1.3.  Anatomy of the retina. 
The retina is a thin, cup-shaped tissue located at the back of the eye that functions to 
convert light information into electrical impulses for visual processing.  The retina is 
composed of several different cell types but the retinal ganglion cells (RGCs) are the only 
output neurons located at the most superficial layer of the retina.  The RGCs extend 
axons that first project to a location at the center of the retina, known as the optic disc.  
Once the axons reach the optic disc, they exit the eye, bundle to form the optic nerve and 
then project to the brain.   
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extend at around embryonic day 2.25 (E2.25) and axon extension proceeds in a wave-like 
fashion, initiating at the retinal center and moving towards the retinal periphery, until all 
RGC axons have reached the optic disc (Goldberg and Coulombre, 1972).  Guidance of 
RGC axons to the optic disc is ensured by positive factors expressed in the central retina, 
such as Sonic hedgehog (Shh) (Kolpak et al., 2005), and negative factors expressed at the 
retinal periphery, such as chondroitin sulfate proteoglycans (Brittis et al., 1992).  
Additionally, axonal fasciculation is important for the proper projection of the RGC 
axons, as peripheral axons grow along and bundle with pioneer axons that have already 
reached the optic disc (Van Vactor, 1998).  This fasciculation is thought to be achieved 
by growth-promoting factors expressed on the RGC axons themselves, such as the cell 
adhesion molecule L1, which mediates homophilic interactions between L1 molecules on 
adjacent axons.  In fact, disruption of L1 function by incubation of embryonic rat retinas 
with an anti-L1 antibody caused axon guidance defects within the retina, as some axons 
were observed to grow randomly and towards the retinal periphery away from the optic 
disc (Brittis et al., 1995). 
 Upon reaching the optic disc, RGC axons exit the eye, form the optic nerve and 
project towards the diencephalic ventral midline, at which point the optic nerves 
originating from the left and right eyes cross at a location known as the optic chiasm.  In 
non-mammalian vertebrates, the RGC axons project contralaterally through the optic tract 
to the opposite side of the brain whereas in mammals, a proportion of axons also project 
ipsilaterally.  The RGC axons eventually synapse in the optic tectum in non-mammalian 
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vertebrates, or the superior colliculus (SC) in mammals (Mason and Sretavan, 1997).  A 
very precise topographic map is established in which RGC axons originating from the 
temporal retina project to the anterior tectum/SC and RGC axons originating from the 
nasal retina project to the posterior tectum/SC.  Similarly, along the dorsoventral axis, 
RGC axons from the dorsal retina project to the lateral tectum/SC while RGC axons from 
the ventral retina project to the medial tectum/SC.  This retinotectal map is achieved by a 
gradient of guidance factors, such as ephrins and Wnt3, expressed within the tectum/SC 
as well as a graded expression of guidance factor receptors, such as the Eph receptors and 
Ryk, expressed within the retina itself (Flanagan and Vanderhaeghen, 1998; Wilkinson, 
2000; Schmitt et al., 2006).   
The Sonic hedgehog signaling pathway 
 Shh is a secreted protein that has an important role in tissue patterning during 
embryogenesis, but has also been implicated in the pathology of certain types of cancer in 
adults (McMahon et al., 2003).  Shh is produced as an approximately 45 kDa precursor 
protein, which is then processed and modified to produce mature, active protein prior to 
secretion.  First, an autocatalytic cleavage reaction occurs to produce an approximately 
20 kDa amino terminal fragment (Shh-N), which is the bioactive protein, and a 25 kDa 
carboxyl terminal fragment (Shh-C), which has no known biological function but is 
required for the cleavage of the precursor protein (Porter et al., 1995; Porter et al., 
1996b).  Shh-N then undergoes cholesterol modification on its C-terminus and 
palmitoylation on its N-terminus (Porter et al., 1996a; Pepinsky et al., 1998).  The exact 
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functions of the lipid modifications are currently unknown, however, it has been 
speculated that the lipid modifications may regulate the diffusion and the bioactivity of 
the protein (Kohtz et al., 2001; Lewis et al., 2001; Taylor et al., 2001).        
 Shh was originally characterized as a morphogen that induces differentiation of 
particular cell types in a concentration-dependent manner (Marti et al., 1995).  This has 
been best studied in the developing neural tube, where Shh secreted from the floor plate 
induces the specification of different ventral cell types within the spinal cord in a 
concentration-dependent manner (McMahon et al., 2003).  The effects of Shh on cell 
specification are mediated through a transcription-dependent mechanism, requiring the 
Gli family of zinc-finger transcription factors, and ultimately regulation of downstream 
gene expression (Hynes et al., 1997; Lee et al., 1997).  In this canonical signaling 
pathway, Shh binds to its 12-transmembrane receptor, Patched (Ptc), which, in the 
absence of Shh, acts to inhibit signaling through the co-receptor, Smoothened (Smo) 
(Chen and Struhl, 1996; Marigo et al., 1996; Stone et al., 1996).  Binding of Shh to Ptc 
alleviates inhibition of Smo and subsequently induces transcription of target genes 
(Nybakken and Perrimon, 2002; Taipale et al., 2002; Lum and Beachy, 2004) (Fig. 1.4).  
However, the mechanism by which different Shh concentrations may lead to regulation 
of different sets of downstream gene transcription is still not well understood.   
 The seven-transmembrane domain protein, Smo, is responsible for transducing 
both low and high Shh signals during morphogenesis and is inhibited by direct binding to  
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Figure 1.4.  The canonical Sonic hedgehog signaling pathway. 
In the canonical Sonic hedgehog (Shh) signaling pathway, Shh binds to its receptor, 
Patched (Ptc).  This binding alleviates repression of the co-receptor, Smoothened (Smo) 
and allows for activation of the Gli family of transcription factors, which increase 
expression of Shh target genes.  Cyclopamine is a small molecule that binds Smo and 
inhibits its activity.   
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small molecules, including cyclopamine (Hynes et al., 2000; Chen et al., 2002).  It is still 
unclear how Ptc modulates Smo activity; however it has been shown that endogenous Ptc 
and Smo do not physically associate as they exhibit different cellular localization and do 
not co-immunoprecipitate (Denef et al., 2000; Taipale et al., 2002).  It remains unclear 
how different concentrations of Shh can lead to regulation of different downstream genes 
and act as a morphogen.   
 Recently, other Shh receptors have been identified and shown to affect 
downstream signaling.  One receptor, known as Hedgehog (Hh) interacting protein 
(Hhip) (Chuang and McMahon, 1999), was originally identified in an expression cloning 
screen of a mouse limb bud cDNA library and has been shown to bind all three vertebrate 
hedgehog proteins: Sonic hedgehog, Indian hedgehog (Ihh) and Desert hedgehog (Dhh).  
Hhip is anchored to the plasma membrane via a transmembrane span located at the 
carboxyl terminus of the protein and lacks an intracellular domain.  Overexpression of 
Hhip in mouse chondrocytes results in a phenotype similar to loss of Ihh signaling, 
suggesting that Hhip is acting to negatively regulate Ihh signaling, possibly by precluding 
Ihh binding to Ptc (Chuang and McMahon, 1999).  Meanwhile, loss of Hhip in mouse 
embryos results in increased range and magnitude of Shh signaling within the developing 
neural tube, again suggesting that Hhip functions to bind Shh and limit its interaction 
with Ptc and its movement in vivo (Jeong and McMahon, 2005).  Data so far suggest that 
Hhip is acting to attenuate hedgehog signaling by sequestering hedgehog and prevent its 
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binding to Ptc, acting to negatively regulate the hedgehog signal (Chuang and McMahon, 
1999; Jeong and McMahon, 2005).   
 In addition to Hhip, other receptors have since been shown to bind Shh protein.  
These include Gas1, megalin, Boc and Cdo.  Gas1 (growth arrest-specific 1) is a cell 
surface protein anchored to the membrane via a glycosylphosphatidylinositol-linkage that 
can bind Shh protein and was thought to antagonize Shh signaling in the developing 
mouse somite and tooth, possibly by precluding binding of Shh to Ptc, similar to Hhip 
(Lee et al., 2001; Cobourne et al., 2004).  More recently, Gas1 has been shown to 
promote Shh signaling, as Gas1 knockout mice exhibit defects in craniofacial and spinal 
cord development similar to Shh knockout mice.  Additionally, ectopic expression of 
Gas1 induces cell-autonomous differentiation of ventral cell fates in the spinal cord in a 
Shh-dependent manner (Allen et al., 2007).  Megalin, a member of the low density 
lipoprotein receptor family, is expressed in neuroepithelial cells and has been shown to 
bind to and internalize Shh protein (McCarthy et al., 2002).  Additionally, megalin 
knockout mice are phenotypically similar to Shh knockout mice in that they display 
craniofacial abnormalities and holoprosencephaly, suggesting that megalin may regulate 
Shh signaling, however it is still not clear what role it plays (Chiang et al., 1996; Willnow 
et al., 1996; McCarthy and Argraves, 2003). 
 Boc and Cdo are type I transmembrane receptors that are members of the 
immunoglobulin superfamily and are highly homologous in their extracellular domains.  
  
21 
Both have been shown to bind Shh protein and their expression is commonly 
downregulated in response to Shh signaling.  Boc and Cdo are expressed within the 
developing neural tube and ectopic expression of either Boc or Cdo results in Shh-
dependent cell-autonomous differentiation of ventral cell fates, suggesting that Boc and 
Cdo positively regulate Shh signaling (Tenzen et al., 2006).  Interestingly, mice deficient 
in Cdo exhibit holoprosencephaly, a development defect often associated with mutations 
in Shh, further suggesting an important role for Cdo in the Shh signaling pathway (Zhang 
et al., 2006).  It is still not clear how all of these receptors (Ptc, Hhip, Gas1, megalin, Boc 
and Cdo) function to transduce the Shh signal and how, or whether, they may interact to 
induce Shh signaling. 
The role of Sonic hedgehog in cell motility and axon guidance 
 In addition to its transcription-dependent role in cell fate specification, Shh has 
been reported to have additional, non-canonical effects on cell motility and axon 
guidance.  The effect of Shh on cell motility has been shown to occur through both 
transcription-dependent and transcription-independent pathways in different cell types.  
Through a transcription-independent pathway, Shh affects migration of chick neural crest 
cells and mouse mesenchymal fibroblasts (C3H/10T1/2), as treatment of these cells with 
the transcriptional inhibitor, actinomycin D, did not affect migration (Testaz et al., 2001; 
Bijlsma et al., 2007).  Additionally, a 10 minute treatment of the C3H/10T1/2 cells with 
Shh protein induced rapid cytoskeletal reorganization and increased membrane ruffling, 
which is associated with increased cellular motility (Mitchison and Cramer, 1996), 
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whereas transcriptional effects monitored by expression of a Gli-luciferase reporter 
construct were not detectable until 6 hours after addition of Shh protein, providing further 
evidence that Shh is directly inducing motility through a transcription-independent 
manner (Bijlsma et al., 2007).   Further investigation of the mechanisms mediating the 
effects of Shh on migration showed that Shh affected integrin-mediated adhesion of the 
neural crest cells through a mechanism independent of Ptc and Smo, as a Ptc function-
blocking antibody and cyclopamine, a small molecule inhibitor that specifically binds 
Smo, failed to affect Shh-induced adhesion and migration (Testaz et al., 2001).  However, 
migration of the C3H/10T1/2 cells required Ptc and Smo activities and a Smo agonist, 
SAG, was sufficient to induce migration of these cells (Bijlsma et al., 2007).  Similarly, 
in Drosophila, Hh-induced attraction of germ cells required the expression of both Smo 
and Ptc but it is presently unclear whether Hh is acting directly, through a 
transcriptionally-independent, or indirectly, through a transcriptionally-dependent, 
pathway to affect the migration of the germ cells (Deshpande et al., 2001) 
 Not all migratory effects of Shh occur through a transcription-independent 
mechanism.  In fact, Shh increases migration of a mouse yolk sac endothelial cell line 
(C166 cells), a mouse fibroblast cell line (NIH 3T3 cells) and primary mouse embryonic 
fibroblasts in scratch/wound healing assays in a transcription- and Smo-dependent 
manner.  Microarray analysis revealed that Neuropilin1, a cell surface glycoprotein that 
binds Semaphorin3A and VEGFs, and Mical2, a flavoprotein monooxygenase, were 
upregulated by Shh in these cells.  Knockdown of Neuropilin1 or inhibition of Mical2 
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with an EGCG inhibitor significantly decreased Shh-induced migration in scratch/wound 
healing assays, suggesting that Shh acts through a transcriptional pathway to upregulate 
genes involved in cell migration (Hochman et al., 2006). 
 Shh has also been recently shown to act as an axon guidance factor through a non-
canonical pathway.  Shh can act as a negative factor for the growth and guidance of chick 
RGC axons and postcommissural axons and as a positive guidance factor for Xenopus 
spinal axons, mouse midbrain dopaminergic axons, chick RGC axons and mouse and rat 
commissural axons (Trousse et al., 2001; Charron et al., 2003; Bourikas et al., 2005; 
Kolpak et al., 2005; Hammond et al., 2009).  Shh acts as a negative factor to chick RGC 
axons at the borders of the optic chiasm to ensure proper contralateral projection of these 
axons (Trousse et al., 2001), and also to chick dorsal postcommissural axons to guide 
them rostrally along the longitudinal axis of the spinal cord (Bourikas et al., 2005).  
Misexpression of Shh either in the visual tract or in the spinal cord resulted in aberrant 
axon projections, such that they stalled or grew in random directions to avoid areas with 
high Shh expression (Trousse et al., 2001; Bourikas et al., 2005).  Further in vitro 
analysis of the effect of Shh on chick RGC axons showed that a concentration of 2.5 
µg/ml of purified Shh protein decreased axon elongation, induced rapid retraction of 
these axons and decreased intracellular cAMP levels within the growth cones (Trousse et 
al., 2001).  Further in vivo analysis in the chick spinal cord showed that Hhip was 
expressed in the postcommissural neurons at the time they cross the floor plate and, 
through RNAi knock down experiments, Hhip was shown to be required for negatively 
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regulating axon growth along the longitudinal axis of the developing spinal cord.  In 
these neurons, Ptc and Smo were not expressed at the embryonic stage examined as 
shown by in situ hybridization.  Additionally, knock down of Ptc and Smo by RNAi and 
inhibition of Smo function by addition of cyclopamine did not affect the response of 
these axons to Shh.  This suggests that Hhip is guiding axon growth by transducing a 
signal independent of the canonical Ptc and Smo signaling pathway that functions during 
morphogenesis (Bourikas et al., 2005). 
 Shh has also been reported to act as a positive axon guidance factor for a variety 
of neurons.  For example, we found that Shh acts as an attractant for chick RGC axons 
within the developing retina.  Shh is expressed in a gradient fashion, with higher 
expression levels detected in the central retina and lower levels at the retinal periphery, 
suggesting that Shh is acting as a chemoattractant to guide the axons towards the optic 
disc (Kolpak et al., 2005).  Additionally, Shh also acts a positive factor for mouse 
midbrain dopaminergic (mDN) axons (Hammond et al., 2009).  Shh-induced attraction of 
chick RGC axons and mouse mDN axons required signaling through Smo, as 
cyclopamine caused aberrant intra-retinal axon projections and blocked Shh-induced 
mDN axon growth in vitro (Kolpak et al., 2005; Hammond et al., 2009).  Also, aberrant 
projection of the mDN axons was observed in Smo conditional knockout mice, further 
suggesting that Smo is required for the Shh-induced guidance (Hammond et al., 2009). 
  
25 
 Additionally, in mouse and rat, Smo has been shown to be required for Shh-
induced attraction of commissural axons towards the midline through a transcription-
independent mechanism (Charron et al., 2003; Yam et al., 2009).  This attraction also 
required the activity of Boc, which is expressed on the commissural axons during their 
navigation, as guidance defects were observed in Boc knockout mice, similar to the 
defects observed in Smo knockout mice (Okada et al., 2006).  Interestingly, knockdown 
of Boc by morpholino injection into zebrafish forebrain also resulted in guidance defects 
in the dorsoventral axon tracts, however, the involvement of Shh in this Boc-mediated 
axon guidance was not investigated so it is not clear if the aberrant axon projection is due 
to a Shh-dependent or –independent mechanism (Connor et al., 2005).  No guidance 
defects were observed in the spinal cord of Cdo knockout mice, however, suggesting that 
that receptor is not required for the attraction of the axons towards Shh (Okada et al., 
2006).  Another study found that the Shh receptor, Gas1, is also expressed in mouse 
commissural axons and Gas1 knockout mice exhibit axon guidance defects.  It is not 
clear, however, if the aberrant projections resulted from a direct effect on Shh/Gas1-
mediated axon guidance, or a secondary effect of Gas1 on specification of ventral cell 
fates in the spinal cord (Allen et al., 2007).   
 Further examination of downstream signaling pathways mediating Shh-induced 
attraction of mouse and rat commissural axons showed that Src family kinases (SFKs) are 
required.  SFKs were activated in a Smo- and Boc-dependent manner in response to Shh, 
as shown by increased phosphorylation of SFKs when neurons were treated with Shh 
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protein.  Additionally, SFKs were responsible for mediating Shh-induced attraction of the 
commissural axons in vivo and in vitro, as PP2, a chemical inhibitor of SFKs, and 
overexpression of a negative regulator of SFKs abolished the guidance effect (Yam et al., 
2009).           
 In the majority of these studies, the effect of Shh on the axons most likely occurs 
independently of its role in transcriptional regulation.  Through in vitro turning assays 
and time-lapse microscopy experiments, it has been shown that Shh has an effect on axon 
turning and growth within minutes after Shh protein addition.  This quick response of the 
axons suggests that Shh is acting directly on the axons via a transcription-independent 
mechanism (Trousse et al., 2001; Charron et al., 2003; Kolpak et al., 2005).  
Additionally, inhibition of transcription with the inhibitors, actinomycin D and 5,6-
dichlorobenzimidazole, did not inhibit the turning response of embryonic rat commissural 
axons towards Shh, providing conclusive data that Shh acts directly on the axons (Yam et 
al., 2009).  Lastly, the expression pattern of cells in systems where Shh was misexpressed 
showed that Shh does not affect axon growth by repatterning the tissue, providing further 
evidence for a direct effect of Shh on axon growth in vivo (Charron et al., 2003; Bourikas 
et al., 2005; Kolpak et al., 2005; Okada et al., 2006; Hammond et al., 2009).  While Shh 
has been shown to affect growth and guidance of a number of different axons, the 
signaling mechanisms responsible for mediating the effect of Shh in all the systems have 
yet to be fully elucidated. 
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Macropinocytosis 
 There are several types of endocytosis that have been identified and they include 
clathrin-mediated endocytosis, caveolae-mediated endocytosis, phagocytosis and 
macropinocytosis.  Clathrin-mediated endocytosis is by far the best characterized type of 
endocytosis.  It requires the presence of multiple adaptor and accessory proteins and 
budding vesicles are surrounded by a coat, which is composed mostly of clathrin.  The 
precise assembly and structure of the coat proteins at the cytosolic face of the plasma 
membrane are responsible for producing the stereotypical size of the clathrin-coated 
vesicles, which are approximately 0.1 µm in diameter.  Cargoes selected for clathrin-
mediated endocytosis contain signal sequences, which are recognized by the coat 
complexes, and upon budding and scission, the vesicles shed the coat and often fuse with 
endosomes (Marsh and McMahon, 1999; Schmid and McMahon, 2007; Traub, 2009).   
 Caveolae are small, flask-shaped invaginations of the plasma membrane that are 
enriched in cholesterol, glycosphingolipids and caveolin-1, a cholesterol-binding integral 
membrane protein.  Caveolae-mediated endocytosis is thought to be important for 
cholesterol transport and homeostasis and is believed to require cholesterol, as cholesterol 
depletion from the membrane inhibits internalization.  Additionally, caveolin-1 likely 
plays an integral role in endocytosis as overexpression of caveolin in CHO cells 
increased endocytosis of growth hormone receptor (Lobie et al., 1999).  The resulting 
vesicles are typically about 50-70 nm in diameter, smaller than the size of clathrin-coated 
vesicles (Johannes and Lamaze, 2002).   
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 Macropinocytosis, sometimes referred as macroendocytosis or fluid-phase 
endocytosis, is the most poorly characterized type of endocytosis.  Most of our 
knowledge of macropinocytosis is derived from experiments performed on dendritic 
cells, macrophages and cultured epithelial cells, however the molecular requirements and 
cellular functions of macropinocytosis in other cell types is still not clear.  The function 
of macropinocytosis is best understood in the immune system, where it plays an 
important role in antigen presentation.  Macrophages and dendritic cells internalize 
extracellular solutes through macropinosomes in order to continuously sample the 
extracellular environment for foreign antigens, which are processed and presented at the 
cell surface for recognition by other immune cells.  Additionally, some pathogens exploit 
macropinocytosis in order to invade host cells.   However, what role macropinocytosis 
might play in other systems and cell types has not been well studied (Watts, 1997).   
 Thus far, macropinocytosis is known to occur independently of clathrin- and 
caveolae-mediated endocytosis.  Additionally, macropinosomes are typically defined 
based on their size.  They are typically heterogeneous in size, with vesicle diameters of at 
least 0.2 µm, and are characterized by the uptake of fluid-phase endocytic markers from 
the media, such as dextran or horseradish peroxidase (HRP).  In this sense, they are 
distinguished from phagosomes, which internalize particles, not fluid, via an Fc-receptor-
mediated interaction and phagocytic cup engulfment (Swanson and Watts, 1995; Conner 
and Schmid, 2003; Kerr and Teasdale, 2009).  Phosphoinositide signaling is thought to be 
important for macropinocytosis as inhibition of phosphatidylinositol-3-kinase (PI3K) and 
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phospholipase C inhibited uptake of dextran and HRP in transformed fibroblasts while 
expression of constitutively-active PI3K in untransformed fibroblasts was sufficient to 
induce macropinocytosis (Amyere et al., 2000; Amyere et al., 2002).  Additionally, 
chemical inhibition of PI3K by wortmannin or LY294002 in macrophages and porcine 
aortic endothelial cells inhibited macropinocytosis (Araki et al., 1996; Hooshmand-Rad et 
al., 1997).  Lastly, in Dictyostelium, disruption of genes encoding PI3K caused decreased 
uptake of dextran, suggesting a role for phosphoinositide signaling in macropinocytosis 
(Zhou et al., 1998).   
 Macropinocytosis is also thought to require dynamic F-actin.  This was elegantly 
shown in time-lapse microscopy experiments performed in Dictyostelium expressing a 
GFP-tagged F-actin binding protein.  Macropinocytosis initiated with an invagination of 
the plasma membrane followed by fusion of the membrane to produce the vesicle.  The 
F-actin coat remained associated with the nascent dextran-positive macropinosome for 
only about 1 minute following internalization before being shed (Lee and Knecht, 2002).   
Additionally, macropinocytosis has been characterized as being sensitive to F-actin 
depolymerization agents, such as cytochalasin (Swanson and Watts, 1995).   
 Mechanistically, macropinosomes are thought to form in response to folding back 
of actin-rich membrane ruffles, however, how these membrane ruffles fold back and fuse 
with the plasma membrane to generate the macropinosome is still not well understood 
(Swanson and Watts, 1995).  Membrane ruffles are often stimulated by binding of growth 
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factors, such as platelet-derived growth factor (PDGF) and epidermal growth factor 
(EGF), to their receptor tyrosine kinases as well as by phorbol esters, which activate 
protein kinase C (PKC).  This induces actin polymerization and ruffling at the membrane, 
which results in the formation of macropinosomes (Brunk et al., 1976; Davies and Ross, 
1978; Haigler et al., 1979; Swanson, 1989).  Not surprisingly, regulators of actin 
dynamics have been implicated in macropinocytosis.  Inhibition of Rac, a small GTPase 
involved in membrane ruffle formation, by expression of a dominant-negative Rac1 
construct inhibited macropinocytosis in Swiss 3T3 fibroblasts.  Conversely, injection of 
constitutively-active Rac1 in these cells induced membrane ruffling and 
macropinocytosis (Ridley et al., 1992).  Additionally, inhibition of the Rac effector, 
PAK1, inhibited PDGF-induced macropinocytosis in NIH 3T3 fibroblasts while 
constitutive activation of PAK1 was sufficient to induce macropinocytosis in these cells 
(Dharmawardhane et al., 2000).  Actin polymerization regulators of the WASp/SCAR 
family have also been shown to be required for macropinocytosis in Dictyostelium, as 
Scar-null cells exhibited decreased dextran uptake (Seastone et al., 2001).  Lastly, the 
contractile activity of nonmuscle myosin II, which is an actin-based motor protein, has 
been shown to be required to curve ruffles into macropinosomes in macrophages (Araki 
et al., 2003). 
 The role of dynamin in macropinocytosis has been controversial.  Dynamin is a 
GTPase involved in the scission of budding vesicles from the plasma membrane.  It is 
required for clathrin-mediated and caveolae-mediated endocytosis and some reports 
  
31 
suggest that it is required for macropinocytosis as well (McNiven et al., 2000).  In 
Drosophila, there are conflicting reports about the role of dynamin, which is encoded by 
the shibire gene, in macropinocytosis.  One report showed that uptake of the fluid-phase 
marker, HRP, was inhibited in temperature-sensitive shibire (shibirets) mutant flies held 
at the restrictive temperature, but was restored when flies were shifted back to the 
permissive temperature (Kosaka and Ikeda, 1983).  However, another report showed that 
fluid-phase endocytosis of dextran was not affected in primary hemocytes derived from 
shibirets mutant larvae when assayed at the restrictive temperature (Guha et al., 2003).  
 The controversial role of dynamin in macropinocytosis is not limited to 
Drosophila.  Mammalian cells contain 3 dynamin isoforms (dynamin 1-3), which exhibit 
differential tissue expression.  Dynamin 1 is expressed in the nervous system, dynamin 2 
is fairly ubiquitously expressed while dynamin 3 is predominantly expressed in the testis 
(Henley et al., 1999).  Inhibition of dynamin 2 by antibody injection or siRNA 
knockdown significantly decreased constitutive uptake of dextran and HRP in rat liver 
cells (Clone 9) and HeLa cells.  However, it did not inhibit uptake induced by EGF (Cao 
et al., 2007).  Additionally, dynasore, a small molecule noncompetitive inhibitor of 
dynamin, significantly decreased the constitutive uptake of HRP in monkey kidney 
(BSC1) cells (Macia et al., 2006). Lastly, constitutive uptake of HRP was decreased in 
HeLa cells expressing temperature-sensitive dynamin 1 within minutes after shifting to 
the restrictive temperature.  Interestingly, incubation of these cells at the restrictive 
temperature for greater than 30 minutes restored HRP uptake to normal levels, suggesting 
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that a compensatory dynamin-independent type of fluid-phase endocytosis was 
upregulated after prolonged dynamin inhibition (Damke et al., 1995).  However, 
inhibition of dynamin function by overexpression of dominant-negative dynamin 1 or 2 
in COS7 and HeLa cells had no effect on fluid-phase uptake of HRP or dextran 
(Herskovits et al., 1993; Damke et al., 1994; Altschuler et al., 1998).  It is not clear what 
accounts for the differences in results, but it is possible that the method by which 
dynamin is inhibited, the length of dynamin inhibition, the cell type and culture 
conditions could all contribute to the seemingly controversial role of dynamin in fluid-
phase endocytosis.   
 The fate of macropinosomes is still not well understood and macropinosomes may 
be processed differently in different cell types.  In macrophages and Dictyostelium, 
macropinosomes acquire late endosome markers, such as the small GTPase Rab7, and are 
ultimately destined to the late endosomal and lysosomal pathways (Swanson and Watts, 
1995).  In PC12 cells, a neuronal cell line, macropinocytosis occurs at the distal neurite 
tip and is responsible for the formation of neurotrophin signaling endosomes, which are 
then retrogradely transported back to the cell body where they associate with the early 
endosome marker, Rab5, but do not enter the late endosomal system (Valdez et al., 2005; 
Valdez et al., 2007).  However, in A431 endothelial cells, NIH 3T3 and dendritic cells, 
macropinosomes are recycled by fusing back with the plasma membrane.  In dendritic 
cells, but not A431 cells, the macropinosomes have been shown to acquire markers for 
early endosomal compartments, such as early endosomal antigen 1 (EEA1), before being 
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recycled (Hewlett et al., 1994; Falcone et al., 2006; Kerr and Teasdale, 2009).  Recently, 
sorting nexin 5 (SNX5), which is a member of the sorting nexin family of proteins 
characterized by their phosphoinositide binding (PX) domain and membrane deforming 
BAR domain, was shown to be involved in maturation of macropinosomes induced by 
EGF stimulation in HEK293 cells.  SNX5 was recruited to nascent macropinosomes and 
induced tubulation of the macropinosomes.  The resulting tubules were transported 
towards the perinuclear region while the body of the macropinosome acquired early 
(Rab5) and late (Rab7) endosomal markers (Kerr et al., 2006).  More work is necessary in 
order to understand the molecular mechanisms governing the fate of macropinosomes in 
different cell types.   
 The role of macropinocytosis in neuronal cells has been far less well 
characterized, however, a few reports have suggested that macropinocytosis is functional 
in neuronal cells.  After exocytosis of synaptic vesicles, bulk membrane uptake occurs in 
the presynaptic terminal to compensate for the additional membrane that has been added 
to the plasma membrane.  In retinal bipolar cells, Ca2+-induced exocytosis of synaptic 
vesicles was followed by endocytosis of macropinosomes, labeled by uptake of dextran 
or the membrane dye, FM1-43.  Inhibition of PI3K signaling or disruption of F-actin with 
cytochalasin D or latrunculin B inhibited the compensatory macropinocytosis in these 
cells (Holt et al., 2003).  Additionally, NGF-induced macropinocytosis in a rat neuronal 
cell line, PC12, has been shown to involve the protein, Pincher.  Pincher expression was 
upregulated in NGF-treated PC12 cells and its overexpression increased 
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macropinocytosis of NGF into dextran-positive vesicles.  Conversely, expression of 
dominant-negative Pincher, which contains a mutation in the ATP-binding site, inhibited 
macropinocytosis in the PC12 cells (Shao et al., 2002).  Pincher is thought to be 
important for the macropinocytic internalization of the NGF receptor, TrkA, into 
signaling endosomes, which are endocytic vesicles formed at nerve terminals that contain 
signaling molecules and are retrogradely transported back to the cell body.  The 
formation of these Trk-signaling endosomes requires Pincher and Rac1 and occurs 
independently of clathrin-mediated endocytosis in the neuronal cells (Valdez et al., 2005; 
Valdez et al., 2007). 
 It has also been shown that two negative axon guidance factors, ephrin-A2 and 
Semaphorin 3A, which induce growth cone collapse, also increase the formation of 
dextran-positive vesicles in the axonal growth cones (Fournier et al., 2000; Jurney et al., 
2002).  However, very little molecular characterization had been performed and the 
authors did not conclusively determine if the dextran-positive vesicles were indeed 
macropinosomes.  Treatment with Semaphorin 3A caused reorganization of Rac1 to F-
actin puncta in the growth cones and inhibition of Rac activity in the axons abolished 
both growth cone collapse and dextran uptake induced by ephrin-A2 and Semaphorin 3A 
(Fournier et al., 2000; Jurney et al., 2002).   Additionally, TPA, a phorbol ester that 
activates PKC and has been shown to induce macropinocytosis in non-neuronal cells, 
induced growth cone collapse and dextran uptake in the axons (Fournier et al., 2000).  
Lastly, depolymerization of F-actin with cytochalasin D and latrunculin-A did not affect 
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dextran uptake induced by ephrin-A2, suggesting that the uptake occurs independently of 
F-actin (Jurney et al., 2002).  This apparent independence of F-actin would suggest that 
the dextran-positive vesicles may not be classical macropinosomes. 
 More recently, two reports have shown that macropinocytosis is upregulated in 
developing axons.  Caffeine was identified as negative axon guidance factor, inducing 
growth cone collapse in chick DRG axons.  Both caffeine and Semaphorin 3A induced 
clathrin-independent macropinocytosis of dextran in a Ca2+-dependent manner and time-
lapse analysis showed that these dextran-positive vesicles move retrogradely along the 
axon shaft with a velocity of 0.35 ± 0.04 µm/sec (Kabayama et al., 2009).  In rat 
hippocampal neurons, constitutive uptake of the membrane dye, FM4-64, occurred within 
the growth cone via a clathrin-independent but F-actin- and PI3K-dependent pathway.  
Additionally, the formation of these FM4-64-positive macropinosomes was inhibited 
when dominant-negative Rac1 was expressed in the neurons.  Lastly, these 
macropinosomes colocalized with the macropinocytosis marker, Pincher, and expression 
of dominant-negative Pincher decreased FM4-64 uptake (Bonanomi et al., 2008).  In 
contrast to the previous report where macropinocytosis correlated with growth cone 
collapse (Kabayama et al., 2009), this study found that macropinocytosis correlated with 
increased growth cone motility, as more FM4-64-positive vesicles were observed in 
motile versus non-motile growth cones (Bonanomi et al., 2008).  The authors concluded 
that macropinocytosis in these axons was important for regulating membrane remodeling 
associated with axon growth. 
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 In conclusion, there have been many advances made in the field of axon guidance 
within the last few years.  The response of axons to guidance cues has been shown to be 
modulated by a host of different cell intrinsic factors, such as the intracellular 
concentration of second messengers, as well as cell extrinsic factors, such as the 
concentration of the guidance cues.  Interestingly, an increasing amount of evidence 
suggests that guidance factors direct axon growth and guidance not only by acting on the 
F-actin and microtubule cytoskeletons, but also by regulating membrane dynamics.  A 
series of reports show that addition of membrane to the growth cone is important for 
growth cone motility and axon elongation.  Additionally, endocytic processes are 
important for regulating the expression of cell surface proteins, such as cell adhesion 
molecules and guidance receptors, and for removing membrane during growth cone 
collapse.  While the field of membrane trafficking during axon growth and guidance is 
still relatively new, a clearer understanding of the molecular mechanisms governing 
specific exo- and endocytic processes in the axons will likely emerge in the near future.     
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Chapter II.  Sonic hedgehog affects the growth and guidance of chick retinal 
ganglion axons in a concentration-dependent manner 
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Preface 
Portions of this chapter have appeared in the following co-first author (*) publication: 
Kolpak, A.*, Zhang, J.*, and Bao, Z.Z.  2005.  Sonic hedgehog has a dual effect on the 
growth of retinal axons depending on its concentration.  J. Neurosci 25, 3432-3441.   
Author contributions: 
A. Kolpak contributed data to Figures 2.2 and 2.3  
Y. Pei contributed data to Figure 2.1 and Table 2.1 
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Abstract 
 Sonic hedgehog (Shh) is a morphogen capable of inducing cell differentiation in a 
concentration-dependent manner through a transcriptional pathway involving the Gli 
family of transcription factors.  Here, however, we find that Shh likely acts through a 
novel, non-transcriptional pathway to affect the growth and guidance of chick retinal 
ganglion cell axons in a concentration-dependent manner.  Through gel culture and time-
lapse video microscopy experiments, we find that Shh acts as a positive factor at a low 
concentration to promote axon growth and Shh acts as a negative factor at a high 
concentration to induce axon retraction.  The effects of Shh were observed within 
minutes after addition of Shh protein to the axon cultures, suggesting that Shh is acting 
directly on the axons to affect growth through a transcription-independent mechanism.  
Lastly, through stripe assays, we found that Shh additionally affects the directional 
guidance of these axons as well, acting as an attractant at a low concentration and a 
repellent at a high concentration.  These results suggest that Shh is capable of acting as an 
axon growth and guidance factor for chick retinal ganglion axons in a concentration-
dependent manner.    
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Introduction 
 During development, all neurons are required to form precise connections to 
ensure proper nervous system function.  However, little is known about how this complex 
neural circuitry is established.  A number of molecules, known as axon guidance factors, 
have been identified and function to guide axons to their appropriate destinations within 
the developing nervous system (Dickson, 2002).  These factors interact with receptors on 
axonal growth cones, a special structure at the tip of the axon which serves as both a 
motor and guidance unit.  The interaction of the guidance factor and the receptor results 
in either a positive or negative effect on the growth or directional motility of the axon 
(Tessier-Lavigne and Goodman, 1996). 
 Sonic hedgehog (Shh) is a well-characterized morphogen that has been shown to 
induce different cell fates in a concentration-dependent manner.  In the canonical 
signaling pathway, Shh binds to its membrane receptor, Patched (Ptc), thereby alleviating 
inhibition of its co-receptor, Smoothened (Smo), and subsequently inducing transcription 
of target genes (Nybakken and Perrimon, 2002; Taipale et al., 2002; Lum and Beachy, 
2004).  In addition to its role in cell differentiation, Shh has been shown to have a 
noncanonical role in cell migration and axon guidance.  Shh affects the migration of 
neural crest cells independently of Ptc, Smo and transcriptional regulation, as a 
transcriptional inhibitor did not affect the response of these cells to Shh (Testaz et al., 
2001).  More recently, Shh has been shown to function as an axon guidance factor.  It 
acts as an attractant for Xenopus spinal neurons and rat commissural neurons and as a 
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negative factor on the growth of chick RGC axons (Trousse et al., 2001; Charron et al., 
2003).  Through in vitro turning assays and time-lapse microscopy experiments, these 
reports show that Shh has an effect on axon growth and turning within just 15-30 minutes 
after Shh protein addition.  This quick response suggests that Shh is acting directly on the 
axons through a transcription-independent mechanism.            
 Here, we present evidence that Shh also affects the growth and guidance of chick 
retinal ganglion cell axons in a concentration-dependent manner.  At a low concentration, 
Shh promotes axon elongation and induces attractive axon turning.  At a high 
concentration, Shh induces axon retraction and repulsive axon turning.  Therefore, not 
only does Shh act in concentration-dependent manner in cell fate determination but in 
axon guidance as well.     
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Materials and Methods 
 
Gel culture assay 
 Standard specific pathogen-free white Leghorn chick embryos were provided 
fertilized by Charles River Laboratories (North Franklin, Connecticut) and incubated in a 
moisturized 38oC incubator.  The embryos were staged according to Hamburger and 
Hamilton (Hamburger and Hamilton, 1992).  Embryonic day 6 (E6) chick retinas were 
cut into small pieces in HBSS and transferred into a 24-well plate.  Bovine type I 
collagen (BD Biosciences, San Diego, CA) neutralized with 1 M NaHCO3 and 10X 
DMEM was added to the explants and allowed to gel for 30–40 minutes at 37°C.  A 
recombinant Shh protein containing the functional N-terminus (Shh-N) (R & D Systems, 
Minneapolis, MN) was added at a range of concentrations from 0.15 to 2.5 µg/ml to the 
culture media of retinal explants and cultured for 44 hours at 37°C, 5% CO2.  In some 
experiments, 2.5 µM cyclopamine was added with Shh-N protein in the culture medium.  
 After 44 hours, the cultures were fixed with 4% paraformaldehyde.  The axons 
were stained with anti-neurofilament antibody 270.7, examined using an inverted 
microscope (Eclipse E400; Nikon, Tokyo, Japan), and photographed with a digital 
camera (SPOT camera; Diagnostic Instruments, Sterling Heights, MI).  The axons were 
traced digitally with Adobe Photoshop software (Adobe Systems, San Jose, CA) and 
quantified by measuring pixels using the NIH Image program.  All data sets were 
calculated from at least 10 retinal explants in three independent experiments. The average 
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axon length was expressed as means ± SEM.  Unpaired Student’s t-test was used to 
assess statistical significance between data sets. 
RGC axon culture and time-lapse video microscopy  
 For RGC axon cultures, E6 chick retinas were dissected, mounted on 
nitrocellulose filters, and cut into 300-µm-wide strips.  Retinal strips were then mounted 
vitreal side down on glass coverslips.  Glass coverslips were coated with 20 µg/ml poly-
D-lysine (Sigma), followed by coating with 2.5 µg/ml laminin (BD Biosciences and 
Invitrogen).  The retinal explants were cultured for 19–22 hours in F-12 media containing 
0.4% methyl cellulose (Sigma) and penicillin/streptomycin. 
 Time-lapse experiments were performed on a Carl Zeiss Axiovert 200 microscope 
with a 10X Plan Neofluar objective.  RGC axon cultures were maintained in culture 
media on a 37oC heated microscope stage.  Images were acquired every minute for 10-15 
minutes prior to protein addition and then for an additional 15-30 minutes following 
addition of BSA vehicle control, or a low or high concentration of Shh (0.5 µg/ml or 3.5 
µg/ml, respectively).  Growth cone collapse was scored by a loss of lamellipodia and 
filopodia to less than three per axon.  Axon retraction was defined as retraction of the 
core domain at least one growth cone distance.  Five independent sets of experiments 
were performed to determine axon growth states.   
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Stripe assay 
 Stripe assays were performed essentially as described previously (Vielmetter et 
al., 1990).  Glass coverslips were coated with 20 µg/ml poly-D-lysine (Sigma) and then 
mounted on the silicone matrix (Max-Planck-Institute, Tübingen, Germany).  For control 
experiments, 0.1% BSA, 10 µg/ml laminin (BD Biosciences), and 1:100 cyanine 3 (Cy3)-
conjugated donkey anti-rabbit antibody (Jackson ImmunoResearch, West Grove, PA) 
were added to the inlet channel and incubated at either room temperature or 37°C for 2 
hours to produce the first stripes.  The channels were then washed with PBS, the 
coverslip was removed, and the second stripe, which contained 0.1% BSA and 10 µg/ml 
laminin, was added at room temperature for 2 hours.  The coated coverslips were then 
washed twice with PBS.  For experiments investigating the role of Shh in axon guidance, 
0.5 µg/ml or 2.5 or 4.0 µg/ml purified Shh was substituted for 0.1% BSA in the first 
stripes to test low and high concentrations of Shh, respectively.   
 E6 retinas were dissected and flat-mounted on nitrocellulose, cut into 300 µm-
wide strips, and placed perpendicular to the direction of the stripes.  Retinal explants 
were cultured in F-12 media containing 0.4% methyl cellulose (Sigma) and 
penicillin/streptomycin at 37°C, 5% CO2, 100% relative humidity for 48 hours and then 
fixed with 4% paraformaldehyde.  Axons were stained with an anti-neurofilament 
antibody (270.7) followed by a FITC-conjugated donkey anti-mouse antibody (Jackson 
ImmunoResearch).   
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 Fluorescent images of the axons and stripes were acquired and merged using Spot 
Advanced software (Molecular Devices, Sunnyvale, CA), and results were quantified by 
first tracing axons using Adobe Photoshop software.  The number of pixels on the first 
stripe (containing the fluorescent antibody) and second stripe for each region that covered 
five total stripes were quantified using NIH Image software and normalized for the width 
of the stripes.  Five regions from three independent control and Shh-treated stripe assays 
were quantified, and results are expressed as the ratio of axonal growth on the second 
stripe versus axonal growth on the first stripe ± SEM.  Statistical significance was 
calculated using the unpaired Student’s t-test. 
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Results 
 
Sonic hedgehog acts as a positive factor at low concentrations and a negative factor 
at high concentrations 
 To assess whether Sonic hedgehog (Shh) has any effect on the growth of the 
retinal ganglion cell (RGC) axons, gel culture experiments were performed in which 
retinal explants were embedded in a collagen gel, submerged in media and a range of 
concentrations of purified Shh protein was added to the media.  After 44 hours of culture, 
axons extended from the retinal explant and both their number and length were 
quantified.  In control experiments, in which a BSA vehicle control was added to the 
culture media, the average axon length was 164 ± 11.7 μm.  At a high concentration of 
2.5 μg/ml, Shh had a significant negative effect on axon growth compared to the control 
with an average length of 103.8 ± 9.4 μm (p <0.001, Student’s t-test).  This is consistent 
with a previous report in which the same concentration of Shh also significantly 
decreased RGC axon length (Trousse et al., 2001).    
 Interestingly, when lower concentrations of Shh protein were assayed, a positive 
effect on axon growth was observed.  At 0.15 μg/ml, Shh did not have any significant 
effect on RGC axons (axonal length, 172 ± 12.5 μm versus control, 164 ± 11.7 μm; p 
<0.1, Student’s t-test).  At 0.30 μg/ml, however, we observed a positive effect (195.7 ± 
9.6 μm; p <0.001), which peaked at 0.625 μg/ml (222.1 ± 20.8 μm; p <0.001).  No 
significant effect was observed at intermediate concentrations (Fig. 2.1B).  To determine  
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Figure 2.1.  Shh acts as a positive factor at low concentrations and as a negative 
factor at high concentrations on the growth of RGC axons. 
Purified Shh protein was added to gel culture experiments at various concentrations with 
(+cyc) or without (-cyc) cyclopamine.  Axons of retinal explants were stained, and some 
examples are shown in (A). Scale bar, 100 µm.  The length of the axons was quantified, 
and all data were compared with the BSA-treated vehicle control culture to determine 
whether a positive or a negative effect could be detected (B).  The number of samples 
assayed is shown in parentheses. Statistical significance between the Shh-treated and the 
BSA control samples was assessed by Student’s t-test.  p values <0.001 are marked by 
**.  Note that cyclopamine blocked both the positive and the negative effects of Shh. 
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whether these effects were indeed due to signaling through the Shh pathway, a specific 
inhibitor, cyclopamine, was added to the gel culture experiments.  Cyclopamine is a small 
molecule that inhibits Shh signaling by directly binding to and inhibiting the activity of 
the co-receptor, Smoothened (Smo) (Hynes et al., 2000; Chen et al., 2002).  Co-
incubation with cyclopamine significantly abolished the effects of both a low and a high 
concentration of Shh on axon growth (143 ± 15.0 µm for 0.625 µg/ml Shh; 153 ± 20.9 
µm for 2.5 µg/ml Shh), suggesting the concentration-dependent effect is due to signaling 
through the hedgehog pathway (Fig. 2.1 A,B).   Additionally, it suggests that Smo is 
necessary for transducing this axon growth effect.   
 The number of axons that grew out from each explant was also scored to 
determine if Shh had an additional effect on axon outgrowth from the explants (Table 
2.1).  Only those explants with similar sizes were scored.  Possibly because of high 
variability within the data set, statistical analyses indicate that the number of axons that 
grew out per explant did not appear to differ significantly among different culture 
conditions.  However, axons appeared to bundle more extensively in the cultures treated 
with 2.5 μg/ml Shh than in the BSA control and more extensively in the BSA control 
than in the cultures treated with 0.625 μg/ml Shh (data not shown). 
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Table. 2.1. The mean number of axons growing out per explant in cultures with 
different concentrations of Shh protein. 
Concentration of Shh 
(µg/ml) 
Mean number of axons per 
explant 
Standard deviation 
0.00 63.9 21.7 
0.15 59.0 32.5 
0.30 44.1 26.6 
0.63 79.2 29.1 
0.94 61.2 31.9 
1.25 65.9 24.1 
1.88 56.0 17.2 
2.50 55.7 25.0 
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The RGC axons respond relatively rapidly to Shh protein in time-lapse microscopy 
experiments 
 Axon guidance factors have typically been shown to act through a direct, 
transcription-independent mechanism on the growth cone (Farrar and Spencer, 2008).  
The results from the gel culture assay were obtained from a 44 hour incubation with Shh 
protein.  Based on the length of the gel culture assay, it is difficult to determine if Shh is 
acting directly on the growth cone to regulate axon length or if Shh is acting indirectly by 
upregulating the expression of genes involved in axon elongation.  To address this 
question, we performed time-lapse video microscopy experiments.  Axons were cultured 
on glass coverslips and then vehicle control, a low or high concentration of Shh was 
added to the culture media and filming was immediately started for a period of 15 
minutes following protein addition.  In control-treated cultures, we see that the axons 
exhibit a variety of responses, such that some grow while others remain stationary or 
retract (Fig. 2.2A).  Addition of a low concentration of Shh significantly increased axon 
growth, which was defined as extension of the core domain of the axon at least 1 growth 
cone distance, compared to the control (64.4 ± 6.7% in low Shh-treated samples versus 
32.4 ± 4.4% in controls, mean ± SEM; p<0.01, Student’s t-test).  A low concentration of 
Shh also significantly decreased axon retraction compared to the control (14.7 ± 5.0% in 
low Shh-treated samples versus 36.3 ± 4.6% in controls, mean ± SEM; p<0.05, Student’s 
t-test) (Fig. 2.2A,B).  These results suggest that a low concentration of Shh acts directly 
on the axons to promote growth and reduce retraction.   
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Figure 2.2.  Shh has a rapid concentration-dependent effect on the growth of RGC 
axons.   
(A)  RGC axon growth was analyzed by time-lapse video microscopy during a 15 minute 
filming period.  Either BSA vehicle control, a low (0.5 µg/ml) or high (3.5 µg/ml) 
concentration of Shh protein was added and filming immediately started.  Arrows 
indicate axons that extended while arrowheads indicate axons that retracted.  (B)  
Quantification of the time-lapse microscopy experiments.  Data was obtained from at 
least 5 independent experiments for each condition.  The percentage of axons is shown ± 
SEM and the total number of axons scored (n) for the time-lapse experiments is indicated 
in parentheses.  Note that addition of a low concentration of Shh reduced axon retraction 
while a high concentration of Shh induced rapid growth cone collapse and axon 
retraction. ** p < 0.01, * p < 0.05, Student’s t-test.   
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 Treatment of axons with a high concentration of Shh induced rapid retraction of 
the axons (Fig. 2.2A,B), similar to what had been previously reported (Trousse et al., 
2001).  Morphologically, axon retraction typically initiates with growth cone collapse, 
which is defined as loss of lamellipodia and less than 3 filopodia.  A high concentration 
of Shh significantly increased growth cone collapse within 5 minutes after protein 
addition.  In fact, 22.1 ± 3.8% of growth cones collapsed in control cultures (n = 252 
axons) while 71.1 ± 3.6% of growth cones collapsed in the high Shh-treated cultures  
(n = 260 axons) (p<0.01, Student’s t-test).  Additionally, a high concentration of Shh also 
significantly increased axon retraction within 15 minutes (77.2 ± 3.1% in high Shh-
treated samples versus 36.3 ± 4.6% in controls, mean ± SEM; p<0.05, Student’s t-test) 
(Fig. 2.2A,B).  Interestingly, longer filming showed that the axons can recover.  About 20 
minutes after addition of a high concentration of Shh, many of the axons stopped 
retracting and began to grow again, which is consistent with a previous report showing 
that axons can become desensitized to guidance cues after prolonged exposure (Piper et 
al., 2005).  Overall, these results show that Shh can also affect axon growth and retraction 
in a concentration-dependent manner likely through a transcription-independent 
mechanism, based on the quick (less than 15 minute) response.        
Shh coated on a solid surface influences the directional growth of RGC axons in a 
concentration-dependent manner 
 In order to assess whether Shh could affect the directional growth of the retinal 
ganglion axons, we performed stripe assays.  Stripe assays are a classic in vitro guidance 
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assay whereby alternating stripes of protein are coated on a glass coverslip and axons 
cultured on the stripes can choose to grow on one substrate or the other.  To test the 
effects of a low and high concentration of Shh on axon guidance, purified Shh protein 
was coated onto glass coverslips in alternating stripes at either a low concentration of 0.5 
µg/ml or a high concentration of 2.5 µg/ml.  In some experiments, 4.0 µg/ml of Shh 
protein was also used to ensure a sufficient coating of a high concentration.  BSA protein 
was used to form the second stripes.  Laminin was coated subsequently onto the entire 
surface to permit axonal growth.  Control experiments were also performed with BSA 
coated in both the first and second stripes. 
 As shown in Figure 2.3A, the axons grew equally well on the BSA-coated first 
and second stripes in the control experiments, as random growth across stripes was 
observed.  We quantified the preference of the axons by calculating the ratio (n) of the 
axons present in the second versus the first stripes (total pixels on the second stripes over 
total pixels on the first stripes, normalized to the width of the stripes).  From three 
independent experiments, the n value for the control experiment is 1.05 ± 0.04 (Fig. 
2.3B).  When stripes coated with a low concentration (0.5 µg/ml) of Shh were 
juxtaposing the BSA-coated stripes, the axons clearly preferred to grow on the 0.5 µg/ml 
Shh-coated stripes (n = 0.09 ± 0.02; p<0.001, three independent experiments; Student’s t-
test).  Conversely, RGC axons avoided the stripes coated with high concentrations (2.5 or 
4.0 µg/ml) of Shh and instead preferentially grew on the BSA-coated stripes (n = 14.48 ± 
2.01; three independent experiments; p<0.05; Student’s t-test) (Fig. 2.3A, B).  However,  
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Figure 2.3.  Shh affects the directional growth of RGC axons in a concentration-
dependent manner.  
Purified Shh or BSA control proteins were coated onto glass coverslips in alternating 
stripes, which were marked by inclusion of a Cy3-conjugated fluorescent antibody.  BSA 
protein was used to fill in as the second stripes.  (A) Control experiment in which BSA 
was coated in both stripes.  Note that RGC axons randomly grow across both stripes.  (B) 
RGC axons preferred to grow on 0.5 µg/ml Shh-coated stripes over the BSA-coated 
stripes.  (C) RGC axons preferred to grow on BSA-coated stripes and avoided those 
stripes coated with a high concentration (2.5 or 4.0 µg/ml) of Shh.  (D) Quantification of 
the stripe assay results. 
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the number and length of the axons on the low concentration of Shh-coated stripes 
appeared similar to those on the BSA-coated stripes in the high Shh concentration 
experiments (data not shown), suggesting that Shh protein coated on the coverslips is not 
affecting axon outgrowth.  Overall, these results suggest that Shh coated onto a solid 
surface can act in a concentration-dependent manner to influence the directional growth 
of the RGC axons.  Shh acts as a positive factor at a low concentration and a negative 
factor at a high concentration.  Because RGC axons responded to the boundary between 
Shh- and BSA-coated stripes, the effect of Shh on the axons is more consistent with a 
direct, transcription-independent effect rather than an indirect effect mediated by 
upregulation of other proteins by Shh. 
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Discussion 
 Here we show that Shh acts in a concentration-dependent manner to affect the 
growth and guidance of chick RGC axons.   At a low concentration, Shh acts as a positive 
factor to promote axon growth, decrease axon retraction and induce attractive axon 
turning.  At a high concentration, Shh acts as a negative factor to induce growth cone 
collapse, axon retraction and repulsive axon turning.  Both the positive and negative 
responses are dependent upon signaling through the co-receptor, Smo, as cyclopamine 
abolished both the low and high Shh effects.  Additionally, Shh appears to be acting 
directly on the axons through a transcription-independent mechanism as growth 
responses were seen within minutes after addition of Shh protein to the media.  The 
results from the stripe assay also argue against transcription-dependent regulation, as 
growth cones are likely directly responding at the border of a Shh-coated stripe rather 
than upregulating the expression of other genes that would affect growth cone motility.  
If Shh did induce expression of secreted proteins then they would likely be distributed 
evenly throughout the media, and not necessarily be localized to the stripes. 
 It has previously been shown that Shh acts as an axon guidance cue, affecting the 
growth and guidance of chick RGC axons, Xenopus spinal axons and mouse and rat 
commissural axons.  Consistent with our results, these other reports found that Shh can 
elicit a growth or turning response within a relatively short time period (15-30 minutes), 
which argues against a transcription-dependent pathway (Trousse et al., 2001; Charron et 
al., 2003).  It has been previously shown that Shh acts as a negative factor on chick RGC 
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axons (Trousse et al., 2001) and here, we extended the observation and found that it has a 
concentration-dependent effect on RGC axon growth and guidance.  This concentration-
dependent effect may serve as an additional level in regulating axon pathfinding.  For 
example, a concentration-dependent response of growth cones to a guidance factor may 
be important for the refinement of topographic maps such that growth cones travel up a 
concentration gradient until they sense a high protein concentration and stop growing.  
Alternatively, axons may be exposed to different concentrations of guidance factors at 
different choice points along their trajectory.  This is likely the case for Shh in the chick 
retinotectal system, as we found that Shh expressed in the central retina likely attracts the 
RGC axons to the optic disc while Trousse et al. found that Shh expressed at the borders 
of the optic chiasm repels the RGC axons to ensure their proper contralateral projection 
towards the tectum (Trousse et al., 2001; Kolpak et al., 2005).  Therefore, the RGC axons 
encounter different concentrations of Shh during their navigation from within the retina 
to the optic chiasm.   
 An increasing number of morphogens of the hedgehog, bone morphogenetic 
protein (BMP) and Wnt families have been shown to acts as axon guidance factors 
(Augsburger et al., 1999; Trousse et al., 2001; Charron et al., 2003; Lyuksyutova et al., 
2003; Yoshikawa et al., 2003).  Although not considered classical morphogens, nerve 
growth factor (NGF) and ephrin-A2 have been shown to have concentration-dependent 
effects on axon growth.  At a low concentration, these proteins act as positive factors 
while at a high concentration, they act as negative factors.  It was speculated that the 
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concentration-dependent effect of NGF may be due to different degrees of receptor 
clustering at the different concentrations, which may lead to activation of different 
downstream signaling events (Conti et al., 1997).  However, the concentration-dependent 
effect of ephrin-A2 is likely due to signal activation at the high concentration but simple 
ligand-receptor adhesion at the low concentration, as addition of soluble ephrin-A2-Fc 
fusion protein to the culture media only induced growth inhibition and failed to show any 
growth promotion across a range of concentrations and oligomerization states (Hansen et 
al., 2004).  This is likely not the explanation for the results we observed with Shh, as both 
soluble and substrate-bound Shh elicited a concentration-dependent effect.  In the future, 
it will be interesting to determine the molecular mechanisms mediating this 
concentration-dependent response of the RGC axons to Shh protein.    
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Chapter III.  Macropinocytosis induced by negative axon guidance factors plays a 
critical role in growth cone collapse and repulsive axon turning 
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Abstract 
 
 Macropinocytosis is a poorly characterized type of fluid-phase endocytosis that 
results in the formation of relatively large vesicles.  We report that a high concentration 
of Sonic hedgehog (Shh) protein induces macropinocytosis in the axons through 
activation of a noncanonical signaling pathway that requires the activity of the Shh co-
receptor, Smo.  Macropinocytosis induced by Shh occurs independently of clathrin-
mediated endocytosis and PI3 kinase signaling but is dependent on dynamic F-actin, 
dynamin and myosin II activities.  Inhibitors of macropinocytosis also abolished the 
negative effects of Shh on axonal growth, including growth cone collapse and 
chemorepulsive axon turning.  Conversely, activation of myosin II or treatment with 
phorbol ester is sufficient to induce macropinocytosis in the axons and elicit growth cone 
collapse and repulsive axon turning.  Furthermore, macropinocytosis is also induced by 
another negative axon guidance factor, ephrin-A2, and inhibition of dynamin abolished 
repulsive axon turning induced by ephrin-A2.  A high concentration of Shh can also 
induce macropinocytosis and axon retraction in the embryonic chick retina ex vivo, 
suggesting the effects we observed are likely relevant in vivo and are not limited to in 
vitro experimental situations.  Our results demonstrate that macropinocytosis-mediated 
membrane trafficking is an important cellular mechanism involved in growth cone 
collapse, axon retraction and chemorepulsive turning induced by negative axon guidance 
factors. 
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Introduction 
 
 Macropinocytosis is a type of fluid-phase endocytosis characterized by its 
independence of clathrin and formation of relatively large-sized vesicles, with diameters 
ranging in size from 0.2 to greater than 1 µm (Swanson and Watts, 1995; Conner and 
Schmid, 2003; Porat-Shliom et al., 2008).  Generally poorly characterized with few 
specific markers, macropinocytosis has been shown to be important for fluid and nutrient 
uptake in the amoeba, Dictyostelium (Maniak, 2001), and immune surveillance in 
dendritic cells (Nobes and Marsh, 2000).  In other types of cells, macropinocytosis occurs 
at a low spontaneous rate but is rapidly induced in response to growth factors (Brunk et 
al., 1976; Davies and Ross, 1978; Haigler et al., 1979).  Currently, the function of 
macropinocytosis in cells outside of the immune system remains elusive. 
 In response to growth factor stimulation, membrane ruffles are generated through 
localized actin filament assembly, which can subsequently close into macropinosomes 
(Swanson, 2008).  In macrophages, nonmuscle myosin II-based contractile activity has 
been shown to be required to curve ruffles into macropinosomes (Araki et al., 2003).  
Macropinocytosis has also been shown to involve the activity of dynamin, which is a 
large GTPase involved in the budding and scission of nascent vesicles from membranes.  
Decreasing dynamin 2 activity by expressing a dominant-negative construct or small 
interfering RNA transfection has been shown to inhibit macropinocytosis (Schlunck et 
al., 2004; Cao et al., 2007).   
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 Many diffusible protein factors have been identified that exert positive or negative 
effects on axon growth and guidance (Tessier-Lavigne and Goodman, 1996; Flanagan 
and Vanderhaeghen, 1998; Song and Poo, 1999).  When applied asymmetrically to the 
growth cones, negative guidance factors induce chemorepulsive turning to steer axons 
away from the factor.  When added in bath, negative guidance molecules cause rapid 
collapse of growth cones characterized by a loss of lamellipodia and filopodia, followed 
by axon retraction (Luo and O'Leary, 2005).  In contrast, positive guidance factors induce 
attractive turning and stimulate axon growth.  However, the molecular and cellular 
mechanisms underlying the effects of guidance factors are still fragmentary.  In response 
to soluble repellents such as Semaphorin 3A and ephrin-A2, a significant increase in 
dextran-accumulating macropinosomes has been reported (Fournier et al., 2000; Jurney et 
al., 2002).  However, the dextran-positive (dextran+) macropinocytic vesicles in the 
axons remain poorly characterized, and their function has not been clearly demonstrated.  
Interestingly, an increase in dextran uptake has also been reported in dystrophic growth 
cones of dorsal root ganglion neurons in vitro and adult nerve endings after spinal cord 
injury (Tom et al., 2004).   
 We showed previously that the Sonic hedgehog (Shh) protein has concentration-
dependent effects on the growth of retinal ganglion cell (RGC) axons, acting as a positive 
factor at lower concentrations and a negative factor at higher concentrations (Kolpak et 
al., 2005).  Shh regulates axonal growth in a rapid, transcription-independent manner that 
requires the activity of its seven transmembrane co-receptor, Smoothened (Smo) (Trousse 
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et al., 2001; Charron et al., 2003; Kolpak et al., 2005).  However, the signaling 
mechanisms underlying the effects of Shh on RGC axonal growth remain unclear.  Here, 
we show that a high concentration of Shh activates nonmuscle myosin II and induces 
macropinocytosis in the growth cones of RGC axons.  We provide evidence that 
macropinocytosis-mediated membrane trafficking is essential for growth cone collapse 
and chemorepulsive turning induced by negative axon guidance factors. 
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Materials and Methods 
 
RGC axon culture and time-lapse microscopy  
 Standard specific pathogen-free white Leghorn chick embryos were provided 
fertilized by Charles River Laboratories (North Franklin, Connecticut) and incubated in a 
moisturized 38oC incubator.  The embryos were staged according to Hamburger and 
Hamilton (Hamburger and Hamilton, 1992).  For RGC axon cultures, embryonic day 6 
(E6) chick retinas were dissected, mounted on nitrocellulose filters, and cut into 300-µm-
wide strips.  Retinal strips were then mounted vitreal side down on glass coverslips.  
Glass coverslips were coated with 20 µg/ml poly-D-lysine (Sigma), followed by coating 
with 1.5–10 µg/ml laminin (BD Biosciences and Invitrogen) to achieve consistent axonal 
growth patterns and dextran uptake.  The retinal explants were cultured for 19–22 hours 
in F-12 media containing 0.4% methyl cellulose (Sigma) and penicillin/streptomycin. 
 Time-lapse experiments were performed on a Carl Zeiss Axiovert 200 microscope 
with a 10X Plan Neofluar objective.  RGC axon cultures were maintained in culture 
media on a heated microscope stage.  Growth cone collapse was scored by a loss of 
lamellipodia and filopodia to less than three per axon.  Three to five independent sets of 
experiments were performed to determine the rate of growth cone collapse.  Ex vivo time-
lapse microscopy was performed essentially as described previously (Brittis et al., 1995).  
E6 retina was whole-mounted on nitrocellulose filters and incubated with DiI crystals for 
2 h at 37°C in DMEM–F-12 media with 10% FBS.  Time-lapse microscopy was 
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performed on a heated microscope stage, and filming started immediately after addition 
of vehicle control or 4.0 µg/ml Shh. 
Retinal dissociation and transferrin uptake   
 E6 chick retina was harvested and incubated in trypsin–EDTA for 8 minutes at 
37°C.  Trypsinization was stopped by adding 10% FBS in DMEM, and cells were 
collected by centrifugation at 1200 rpm for 5 minutes.  The dissociated retinal cells were 
cultured on poly-D-lysine and laminin-coated coverslips in F-12 with 0.4% 
methylcellulose media overnight.  The next day, cells were pretreated with vehicle 
control or 10 μM monodansyl cadaverine (MDC) for 15 minutes before addition of 20 
μg/ml FITC-conjugated transferrin for 5 minutes at 37°C.  Cells were washed twice with 
ice-cold PBS and fixed with 4% paraformaldehyde. 
Dextran internalization  
 A total of 2.5 mg/ml Mr 10,000 FITC–dextran (Invitrogen) was added to RGC 
axon cultures.  Recombinant mouse Shh-N protein (R & D systems) was used at 2.5–3.5 
µg/ml as a high concentration or 0.5 µg/ml as a low concentration.  Slit2-conditioned 
supernatant was prepared by transfection of human embryonic kidney HEK 293T cells 
with an expression construct encoding the human Slit2 protein (gift from Dr. Yi Rao and 
Dr. Jane Wu).  Supernatant was added directly to the axons without dilution.  
Cyclopamine at 2.5 µM (Toronto Research Chemicals) was added 30 minutes before 
dextran addition.  The effects of cytochalasin D (Sigma), jasplakinolide (Invitrogen), 
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dynasore (Tocris Bioscience), myristoylated dynamin inhibitory peptide (Tocris 
Bioscience), blebbistatin (Toronto Research Chemicals), LY294002 [2-(4-morpholinyl)-
8-phenyl-1(4H)-benzopyran-4-one] (Calbiochem), chlorpromazine (Sigma), and MDC 
(Sigma) on dextran uptake were assayed by pre-treating the RGC axons with 80 µM 
dynasore for 3 minutes, 10 µM MDC, 40 nM jasplakinolide, 100 µM blebbistatin, or 10 
µM cytochalasin D for 5 minutes, 25 µM LY294002 for 30 minutes, and 50 µM 
myristoylated dynamin inhibitory peptide or 20 µg/ml chlorpromazine for 45 minutes, 
before addition of dextran for an additional 2 minutes at 37°C. 
 After labeling, axons were washed and fixed in 4% paraformaldehyde. 
Fluorescence and differential interference contrast (DIC) images were acquired using a 
63X Plan Apochromat objective on an inverted Carl Zeiss Axiovert 200 microscope.  The 
percentage of dextran+ axons was scored from at least 100 randomly chosen RGC axons 
for each sample, and a total of three to five sets of independent experiments were 
performed.  Only the axons that could be clearly identified were scored. In the case that 
the axons were tangled, the whole group was excluded from the data.  The dextran-
positive signals were verified with the DIC image to confirm that they were in the reverse 
shadow-cast or protrusive vesicles.  Control experiments were performed in parallel of all 
the experiments for normalization of the data and to ensure consistency of the results. 
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Immunofluorescence staining  
 RGC axons were fixed with 4% paraformaldehyde for 20 minutes and then 
blocked with 10% calf serum and 0.1% Triton X-100 in PBS.  Primary antibodies used 
were as follows: anti-clathrin heavy chain (Transduction Labs), anti-Smo (MBL 
International), anti-phospho-myosin light chain (Abcam), anti-hemagglutinin (HA) 
(Roche), anti-myosin IIA (Covance), anti-myosin IIB (Developmental Studies 
Hybridoma Bank), and anti-Shh and anti-Rab34 (Santa Cruz Biotechnology).  Antibody 
staining of the dextran-labeled samples was performed by fixation with 4% 
paraformaldehyde for 2 h, followed by permeabilization with 0.01% Triton X-100 for 1 
minute or 10 minutes with methanol at -20°C.  Incubation with primary and secondary 
antibodies was performed as usual.  For staining dextran-labeled axons with Alexa 594-
conjugated phalloidin, retinal cultures were fixed with 4% paraformaldehyde for 2 h, 
permeabilized with 0.01% Triton X-100 for 1 minute, and then blocked with 1% BSA for 
30 minutes. Alexa 594-conjugated phalloidin (Invitrogen) was diluted in PBS (1:100) and 
incubated for 2 h at room temperature. Stained samples were analyzed using the Leica 
TBS SP2 confocal microscope and software. 
Axon turning assay and stripe assay 
 RGC axons were cultured on glass-bottom dishes pre-coated with poly-D-lysine 
and laminin for 16–20 h.  HEPES buffer was added to the dish before placing onto the 
stage of a microscope (Olympus U-TB190) enclosed in a 37°C heated chamber.  Custom 
software was generated to control the picospritzer to apply positive pressure to the pipette 
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at a frequency of 2 Hz and a pulse duration of 2 milliseconds.  A micromanipulator was 
used to position the pipette at an angle of 45o from the initial direction of axonal 
extension.  The pipette tip was positioned approximately 150 µm from the growth cone, 
and time-lapse movies were produced to record the movement of the growth cone for 30 
minutes.  Vehicle control or 3.5 µg/ml Shh protein was loaded in the capillary pipette as 
control or high Shh, respectively.  Before the application of protein from the 
micropipette, axons were pre-treated by addition of the following inhibitors to the media: 
100 µM blebbistatin for 5 minutes, 80 µM dynasore for 5 minutes, and 10 µM MDC for 5 
minutes.  Data were analyzed similarly as published previously (Lohof et al., 1992; 
Zheng et al., 1994; Zheng et al., 1996).  The positions of the growth cone centers were 
marked throughout the time course of the gradient application.  Only axons that extended 
at least 5 µm during a 20 minute time period were included in the analysis.  The turning 
angle αo was determined as the angle of the original direction of axon extension and a 
line connecting the positions of growth cones at the beginning and the end of gradient 
application.  The lengths of axon extension were calculated by the neurite lengths at the 
end time point (Lt) subtracting the length at the beginning (L0) and converted to 
micrometers based on the scale bar.   
 FM1-43 [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium 
dibromide] labeling was performed by adding the dye at the concentration of 2.5 µM to 
the RGC axon culture.  A high concentration of Shh (3.5 µg/ml) was provided from one 
side of the growth cones through a micropipette controlled by picospritzer.  Fluorescent 
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images of FM1-43 dye were recorded using a 60X objective lens at a frequency of 1 
frame every 5 seconds for a duration of 10 minutes.  Growth cones were divided into two 
halves at the midlines of the last 20 µm segment of the axon, one half facing the 
micropipette and the other half facing away.  Vesicles larger than 0.2 µm diameter 
formed in either of the two halves of the growth cone during the 10 minutes of high Shh 
application were scored. 
 Transfection of dominant-negative dynamin constructs (American Type Culture 
Collection) was performed by electroporation of retinal explants using a square-wave 
electroporator CUY-21 (Nepa Gene Company), before setting up stripe cultures.  Retinal 
tissues were submerged in 0.1 mg/ml DNA solution, and three pulses of 50 ms duration 
each at 10V were applied.  Stripe assay was performed similarly as in our previous study 
(Kolpak et al., 2005).   
Western blot 
 E6 retina were harvested, starved for 15–30 minutes in F-12 media, and then 
treated with vehicle control (0.1% BSA) or 3.0 μg/ml Shh for 2 minutes.  Retina were 
washed twice with ice-cold PBS, lysed, and then Western blots were performed.  Rac 
activity was assayed using the Rac activation kit according to the manufacturer’s 
instructions (Upstate).  For phospho-myosin light chain experiments, retina were lysed 
and blotted with phospho-myosin light chain (1:5000; Abcam) or α-tubulin (1:1000; 
Sigma) primary antibodies, followed by peroxidase-conjugated secondary antibodies 
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(1:10,000; Jackson ImmunoResearch).  Western blots were developed using ECL 
detection reagents (Pierce).   
Statistical analysis 
 All data are expressed as mean ± SEM.  Statistical analyses were performed using 
the ANOVA test for comparison of multiple samples, followed by Student’s t-test to 
compare individual samples with the control.  p values <0.05 were considered to be 
statistically significant. 
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Results 
 
A high concentration of Shh induces macropinocytosis in the growth cones of the 
RGC axons 
 In order to assay for macropinocytosis, the RGC axons were incubated for 15 
minutes with a fluid-phase macropinocytosis marker, FITC–dextran.  Dextran labeling 
was found in endocytic vesicles in a subset of untreated or control vehicle-treated axons 
(Fig. 3.1A).  Most of the vesicles appeared round with diameters ranging between 0.2–1.0 
µm, whereas some also appeared as elongated tubules (2–5 µm in length) (data not 
shown).  These dextran+ vesicles corresponded to visible structures in DIC microscopy 
images mostly as “reverse shadowcast” vesicles and occasionally as “protrusive” vesicles 
in the axonal growth cones and shafts (Fig. 3.1A), similar to that reported previously 
(Fournier et al., 2000).  Incubation of FITC–dextran with a negative factor, a high 
concentration of Shh (2.5 µg/ml) (Kolpak et al., 2005), for 15 minutes significantly 
increased the percentage of dextran+ axons (70.7 ± 3.1%, mean ± SEM) compared with 
the vehicle control (46.0 ± 1.2%; p < 0.001, Student’s t-test) (Fig. 3.1A,B).  The number 
of vesicles per axon also appeared increased by a high concentration of Shh.  
Cyclopamine, a specific inhibitor that directly binds to and inhibits the activity of the Shh 
co-receptor, Smoothened (Smo) (Chen et al., 2002), abolished the effects of a high 
concentration of Shh on dextran uptake (Fig. 3.1B), suggesting that this effect is specific 
to the Shh signaling pathway and additionally implicating Smo activity in mediating the 
response of the axons to Shh protein. 
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Figure 3.1.  A high concentration of Shh increases the uptake of dextran-positive 
vesicles in RGC axons.   
(A) RGC axons were incubated with FITC–dextran for 15 minutes in combination with 
vehicle control, a high concentration of Shh or Slit2.  The dextran-positive vesicles 
correspond to visible structures seen in DIC images, including reverse shadowcast 
vesicles (arrow, inset), or protrusive vesicles (arrowhead).  The insets are a twofold 
enlargement of the images.  Scale bar: 5 µm.  (B) The percentages of dextran-positive 
axons were quantified and normalized to control.  An inhibitor of Shh signaling, 
cyclopamine (cyc), abolished the effects of a high concentration of Shh on dextran 
labeling. **p<0.01, ***p<0.001, Student’s t-test.  Numbers in parentheses indicate the 
total number of axons scored. 
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 It had been previously suggested that increased endocytosis of dextran+ vesicles 
correlates with increased growth cone collapse in the axons (Fournier et al., 2000).  The 
growth cones of the dextran+ axons in the Shh-treated samples were essentially 
collapsed, defined by a loss of lamellipodia and a decrease in the number of filopodia to 
fewer than three per axon.  A total of 72.8 ± 2.1% of the dextran+ axons exhibited 
collapsed growth cones (n=169 axons).  Another negative guidance factor for the RGC 
axons, Slit2, caused a similar increase in dextran labeling that correlated with increased 
growth cone collapse, suggesting that these vesicles may be playing a role in mediating 
the response of axons to negative guidance cues (Fig. 3.1B).   
 During a short, 2 minute incubation of the axons with dextran, instead of the 
longer 15 minute incubation (Fig. 3.1), most of the dextran+ vesicles were found to 
localize to the growth cone (87.2 ± 0.7% of dextran+ vesicles were in the growth cone) 
(Fig. 3.2A).  A 15 minute chase in culture media resulted in a shift in the localization of 
the dextran+ vesicles to the axon shaft (38.6 ± 1.9% in the growth cone), suggesting that 
dextran uptake occurs rapidly and predominantly in the growth cone and that some of the 
dextran+ vesicles are transported retrogradely towards the cell body.  A similar increase 
in dextran uptake induced by a high concentration of Shh was also observed during a 2 
minute pulse labeling, confirming that a high concentration of Shh rapidly increases 
dextran uptake in the growth cone (Fig. 3.2B,C).  The 2 minute pulse labeling was used 
for all subsequent experiments to allow for characterization of nascent vesicles as  
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Figure 3.2.  Dextran uptake occurs in the growth cone and is induced by a high 
concentration of Shh. 
(A) Axons were pulse-labeled with dextran for 2 minutes without chase or with 15 
minute chase in culture media.  Without chasing, the dextran+ vesicles localized 
predominantly to the growth cone (arrowhead, insets), while a 15 minute chase resulted 
in a shift of the localization of some dextran+ vesicles into the axon shaft (arrows, insets).  
The insets show a 1.6X magnification of the images.  Scale bar: 5 µm.  (B, C) During a 2 
minute pulse labeling, a high concentration of Shh was found to significantly increase the 
percentage of dextran+ axons as well as the number of dextran+ vesicles/axon.  * p< 0.05 
compared with vehicle control, Student’s t-test.  Data are represented as mean ± SEM.  
Numbers in parentheses indicate the total number of axons scored. 
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confirmed by the absence of the early endosome marker EEA-1 (data not shown) rather 
than vesicles downstream in the pathway. 
The dextran+ vesicles are independent of clathrin and not significantly associated 
with Shh or Smoothened proteins 
 The average diameter of the dextran+ vesicles was measured to be approximately 
0.4 µm, which is in the range for macropinosomes and substantially larger than the 0.1 
µm average diameter reported for clathrin-coated vesicles.  Macropinosomes are poorly 
characterized endocytic vesicles and have few definitive markers, however, are known to 
form independently of clathrin-mediated endocytosis.  Antibody staining of clathrin 
heavy chain, a component of the clathrin coat, did not appear to associate with the 
dextran+ vesicles (Fig. 3.3A).  Additionally, an inhibitor of clathrin-mediated 
endocytosis, MDC (Ray and Samanta, 1996; Piper et al., 2006), inhibited transferrin 
uptake in retinal cells via clathrin-mediated vesicles but did not affect dextran uptake in 
either the untreated control or high concentration of Shh-treated samples (Fig. 3.3B,C).  
Similarly, another inhibitor of clathrin-mediated endocytosis, chlorpromazine, did not 
inhibit dextran uptake in the RGC axons (Fig. 3.3C), suggesting that the dextran+ 
vesicles are formed independently of clathrin. 
 To determine if these dextran+ vesicles may be involved in simply 
downregulating Shh signaling, the protein distributions of Shh and the co-receptor Smo 
were compared with the dextran+ vesicles.  RGC axons were treated with a high  
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Figure 3.3.  The dextran-positive vesicles are formed independently of clathrin-
mediated endocytosis. 
(A) RGC axons were labeled with dextran, followed by staining with an anti-clathrin 
heavy chain antibody.  Clathrin-positive puncta appeared excluded from the dextran+ 
vesicles.  (B) An inhibitor of clathrin-mediated endocytosis, MDC, inhibited transferrin 
uptake in cultured retinal cells via clathrin-dependent vesicles.  (C)  RGC axons were 
pre-treated with clathrin inhibitors then incubated for 2 minutes with dextran and vehicle 
control or a high concentration of Shh.  The percentage of dextran+ axons were 
quantified and normalized to control.  Total number of axons scored is shown in 
parentheses.  Note that incubation with inhibitors of clathrin-mediated endocytosis, MDC 
or chlorpromazine, did not inhibit dextran uptake induced by a high concentration of Shh 
or in the basal condition.   
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concentration of Shh and FITC–dextran for 5 minutes and were then stained with an anti-
Shh antibody.  The dextran+ vesicles did not appear to associate closely with the Shh 
protein (Fig. 3.4A), neither was Smo concentrated in the dextran+ vesicles (Fig. 3.4B) in 
the presence or absence of Shh protein.  These results suggest that the dextran+ vesicles 
are not the primary vesicles responsible for mediating the trafficking of the Shh or Smo 
proteins. 
Dynamic filamentous actin and nonmuscle myosin II activity are required for 
macropinocytosis in the axons 
 To determine whether the dextran+ vesicles we observe in the axons are formed 
via macropinocytosis, we examined the regulators known to affect macropinocytosis in 
non-neuronal cells.  Filamentous actin (F-actin) has been shown to transiently surround 
macropinosomes in Dictyostelium (Lee and Knecht, 2002), and F-actin assembly is 
required for membrane ruffle formation and macropinocytosis (Swanson, 2008).  In 
control-treated RGC axons, a majority of the F-actin was organized in filopodia and 
lamellipodia in the growth cone (Fig. 3.5A).  A high concentration of Shh caused a rapid 
reorganization of the actin cytoskeleton, with increasing amounts of F-actin surrounding 
the reverse shadowcast dextran+ vesicles (Fig. 3.5A, B).  Disassembly of actin filaments 
by cytochalasin D or latrunculin, or inhibition of F-actin dynamics by jasplakinolide, 
significantly reduced dextran uptake compared with the vehicle control, suggesting that 
dynamic F-actin is required for the formation of the dextran+ vesicles (Fig. 3.6B and data 
not shown). 
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Figure 3.4.  The dextran-positive vesicles do not appear to significantly colocalize 
with Shh or Smo proteins.  
RGC axons were treated with either vehicle control or a high concentration of Shh for 5 
minutes in combination with FITC-dextran.  The samples were then fixed and stained by 
antibodies specific to Shh (A) or Smo proteins (B).  Scale bar: 5 µm. 
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Figure 3.5.  A high concentration of Shh induces reorganization of F-actin in the 
growth cone and increases association of dextran+ vesicles with F-actin.  
(A)  Control- or high Shh-treated RGC axons were stained with phalloidin to visualize F-
actin.  Note that F-actin is rapidly reorganized by treatment with a high concentration of 
Shh, with increased association to the reverse shadowcast vesicles (arrows) away from 
filopodia.  (B)  RGC axons incubated with a high concentration of Shh and dextran for 5 
minutes were stained with phalloidin.  By confocal microscopy analysis, some dextran+ 
vesicles appeared to be surrounded by actin filaments (arrowheads).   
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Figure 3.6.  Characterization of the dextran-positive vesicles in RGC axons.   
(A) RGC axons labeled with dextran in the presence of a high concentration of Shh were 
subsequently stained by antibodies specific to myosin IIA and IIB heavy chains.  (B) 
RGC axons were pretreated with vehicle control, cytochalasin D (CD), jasplakinolide 
(Jasp), blebbistatin (Blebb), LY294002 or wortmannin before incubation with dextran for 
2 minutes in the presence or absence of a high concentration of Shh.  The percentages of 
dextran+ axons were quantified and normalized to the controls.  Data are represented as 
mean ± SEM. **p<0.01, Student’s t-test.  Numbers in parentheses indicate the total 
number of axons scored. 
  
90 
  
91 
 In macrophages, an inhibitor to myosin light chain kinase, ML-7, was used to 
show that inhibition of myosin II attenuated macropinocytosis (Araki et al., 2003).  In 
order to investigate the role of myosin II in the formation of the dextran+ vesicles in the 
axons, we first looked at the localization of two nonmuscle myosin II isoforms (IIA and 
IIB) in the axons.  By immunofluorescence staining, myosin IIA was shown to localize 
throughout the RGC axons, whereas myosin IIB was more concentrated in the growth 
cones, particularly around some dextran+ vesicles (Fig. 3.6A).  Blebbistatin, a specific 
inhibitor of myosin II, effectively inhibited dextran uptake in both the control and high 
Shh-treated samples, suggesting that myosin II is also required for dextran uptake in the 
axons (Fig. 3.6B).  In non-neuronal cells, macropinocytosis has been shown to require the 
activity of phosphatidylinositol-3-kinase (PI3K) (Amyere et al., 2002).  However, 
inhibition of PI3K activity using the pharmacological inhibitors LY294002 or 
wortmannin did not affect dextran uptake in RGC axons induced by a high concentration 
of Shh or under control conditions (Fig. 3.6B). These results suggest that 
macropinocytosis in the axons share common characteristics with macropinocytosis in 
non-neuronal cells but also have distinct features. 
Inhibitors of macropinocytosis inhibit growth cone collapse induced by a high 
concentration of Shh 
 The negative effect of a high concentration of Shh on RGC axon growth was 
further characterized by time-lapse microscopy.  As shown in Figure 3.7A, a high 
concentration of Shh caused rapid growth cone collapse in the RGC axon culture,  
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Figure 3.7.  Inhibition of macropinocytosis correlates with inhibition of growth cone 
collapse induced by a high concentration of Shh. 
(A) Time-lapse microscopy was performed to analyze growth cone collapse in the 
presence of vehicle control, a high concentration of Shh or a high concentration of Shh 
with blebbistatin.  Note that blebbistatin inhibited growth cone collapse in response to a 
high concentration of Shh.  (B) Percentages of growth cone collapse in the presence of 
various inhibitors were scored.  Growth cone collapse was defined as loss of lamellipodia 
and reduction of filopodia number to less than three per axon.  Data are represented as 
mean ± SEM. **p<0.01, Student’s t-test.  Numbers in parentheses indicate the total 
number of axons scored.  (C) To analyze Rac GTPase activity, cell extracts from retinal 
tissues treated with vehicle control or a high concentration of Shh for 2 minutes were 
immunoprecipitated by the PBD domain of Pak and blotted with an anti-Rac antibody. 
Cell extracts treated with control (CTL) or a high concentration of Shh for 2 minutes 
were also analyzed by Western blot using an anti-phospho-myosin light chain antibody.  
(D) Immunofluorescence staining using an anti-phospho myosin light chain antibody was 
performed in RGC axonal cultures.  Insets represent 2X magnification of the images. 
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followed by axon retraction.  To determine whether Shh-induced macropinocytosis plays 
a role in these negative effects on axonal growth, various inhibitors were tested for their 
effects on growth cone morphology.  Depolymerization of F-actin by addition of 
cytochalasin D alone resulted in the collapse of nearly all the growth cones but inhibited 
subsequent axon retraction in the absence or presence of a high concentration of Shh, 
whereas stabilization of F-actin by addition of jasplakinolide inhibited growth cone 
collapse but caused the axon core domain to retract (data not shown).  In fact, most 
filopodia remained attached to the substrate and failed to retract despite the overall 
retrograde axonal flow.  Actin dynamics are therefore important for growth cone 
collapse, precluding the use of these reagents in the experiments where we tested the 
effects of a high concentration of Shh on growth cone collapse. 
 Treatment of the RGC axons with the inhibitor of nonmuscle myosin II, 
blebbistatin, did not cause visible morphological changes within the growth cone when 
added alone but completely abolished high Shh-induced growth cone collapse and axon 
retraction (Fig. 3.7B).  In contrast, inhibitors of clathrin-mediated endocytosis (MDC) or 
PI3K (LY294002) did not have a significant effect on growth cone collapse or axon 
retraction induced by a high concentration of Shh or in the control condition (Fig. 3.7B).  
The effects of these inhibitors on growth cone collapse appear to correlate well with their 
effects on dextran uptake in the RGC axons, such that inhibition of macropinocytosis 
correlates with inhibition of growth cone collapse induced by a high concentration of 
Shh. 
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 Myosin II activity requires phosphorylation of the regulatory myosin light chain, 
which is subject to regulation by myosin light chain kinase, Rho kinase, and myosin light 
chain phosphatase (Matsumura, 2005).  To determine whether a high concentration of 
Shh increases the activity of nonmuscle myosin II in the axons, we examined the level of 
phosphorylated myosin II light chain by Western blot and immunofluorescence staining.  
As shown in Figure 3.7C and D, a 2 minute treatment with a high concentration of Shh 
significantly increased the level of phosphorylated myosin II light chain compared to the 
vehicle-treated control.  The mean fluorescence intensity of the immunofluorescence 
staining in the high Shh-treated samples was measured at 18.2 ± 0.6 arbitrary units (n=80 
axons) versus 12.1 ± 0.7 in vehicle-treated samples (n=60 axons).    
 Additionally, we investigated the potential involvement of Rac GTPase in 
macropinocytosis and growth cone collapse induced by a high concentration of Shh.  Rac 
is considered to be necessary for macropinocytosis in non-neuronal cells and required for 
ephrin-A2- and semaphorin3A-induced dextran uptake and growth cone collapse in chick 
RGC and DRG axons (Ridley et al., 1992; Jurney et al., 2002).  Western blot results of 
retina treated with a high concentration of Shh failed to show any activation of Rac 
activity within the retina, suggesting it is not downstream of a high concentration of Shh 
(Fig. 3.7C).  These results demonstrate that a high concentration of Shh activates a 
noncanonical pathway involving nonmuscle myosin II and leads to increased 
macropinocytosis, growth cone collapse, and axon retraction. 
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Inhibition of dynamin activity decreases dextran uptake and growth cone collapse 
 To further characterize the role of macropinocytosis in the negative effects of a 
high concentration of Shh on RGC axons, we analyzed whether dynamin is required for 
macropinocytosis in the axons.  Dynamin is a large GTPase involved in scission of 
budding vesicles from the plasma membrane and has been shown to be essential for 
various types of endocytosis, including macropinocytosis (Praefcke and McMahon, 
2004).  Two different membrane-permeable dynamin inhibitors were used to rapidly 
inhibit dynamin function.  Dynasore, a specific noncompetitive inhibitor of dynamin 1 
and 2 (Macia et al., 2006), and a myristoylated dynamin inhibitory peptide, a competitive 
inhibitor that prevents association of dynamin and amphiphysin (Wigge et al., 1997), 
were added to the axons, and dextran uptake experiments were performed.  Both 
dynasore and dynamin inhibitory peptide significantly decreased the basal level and high 
Shh-induced dextran uptake (Fig. 3.8C), suggesting that macropinocytosis in RGC axons 
requires the function of dynamin. 
 Time-lapse microscopy was also performed on axons pre-treated with dynasore or 
dynamin inhibitory peptide to assess growth cone collapse and axon retraction under 
control and high Shh-treated conditions.  Treatment with dynasore did not alter growth 
cone morphology within 10 minutes compared with control axons but reduced axonal 
growth rate after a longer period of incubation.  In untreated control cultures, addition of 
a high concentration of Shh led to rapid growth cone collapse in 71.1 ± 3.6% of axons  
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Figure 3.8.  Dynamin is required for dextran uptake and growth cone collapse.  
(A) RGC axons were transfected with constructs expressing GFP or dominant-negative 
dynamin 2 (DN dyn2).  Note that dominant-negative dynamin 2 appears to surround 
some large vesicles in the growth cones (arrows).  (B) Transfected RGCs were tested for 
their response to a high concentration of Shh in stripe assays.  Note that the GFP-
transfected axons mostly turned away from a high concentration of Shh, whereas 
dominant-negative dynamin 2-transfected axons ignored the boundary between a high 
concentration of Shh and BSA.  (C) RGC axons were pretreated with vehicle control 
(CTL), dynasore or dynamin inhibitory peptide (Dyn Pep) before incubation with dextran 
for 2 minutes in the presence or absence of a high concentration of Shh.  The percentages 
of dextran-positive axons were quantified and normalized to the controls.  (D) Time-lapse 
microscopy was carried out to analyze growth cone collapse and axon retraction in the 
presence of a high concentration of Shh or a high concentration of Shh with dynasore.  
(E) Growth cone collapse was scored from the time-lapse movies, and data are 
represented as mean ± SEM. **p<0.01, ***p<0.001, Student’s t-test.  Numbers in 
parentheses indicate the total number of axons scored. 
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within 5 minutes, followed by axon retraction (Fig. 3.8D,E).  In contrast, inhibition of 
dynamin activity by addition of dynasore markedly reduced growth cone collapse 
induced by a high concentration of Shh to the rate of 23.4 ± 2.3% of axons (Fig. 3.8D,E).  
In fact, in the cultures pre-treated with dynasore, the majority of the growth cones 
remained motile with active filopodia and lamellipodia and axon retraction induced by a 
high concentration of Shh was abolished.  However, the dynamin-inhibitory peptide itself 
caused growth cone collapse, precluding the analysis of its effect on growth cone collapse 
in response to a high concentration of Shh.  The difference between the two dynamin 
inhibitors on growth cone morphology is presently unclear. 
A high concentration of Shh induces asymmetric macropinocytosis in the growth 
cone and repulsive axon turning 
 Next, we examined whether macropinocytosis is involved in repulsive axon 
turning by using an in vitro turning assay, a well established assay for studying the 
molecular and cellular mechanisms involved in axon steering and guidance (Zheng et al., 
1994; Zheng et al., 1996).  As shown in Figure 3.9A, a high concentration of Shh applied 
through a micropipette placed at a 45o angle to the direction of axon extension elicited 
repulsive axon turning approximately 10 minutes after Shh application.  The average 
turning angle induced by a high concentration of Shh was calculated to be -27.3o (Fig. 
3.9C).  In contrast, vehicle control applied through the micropipette did not cause 
directional turning with an average of turning angle <5o. 
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Figure 3.9.  Macropinocytosis is important for chemorepulsive axon turning.  
(A)  Turning assays were performed by providing vehicle control (CTL) or a high 
concentration of Shh through a micropipette positioned at a 45o angle to the direction of 
axon extension (arrows).  (B) Composite drawings of the paths of axonal extension 
during the 20 minute filming with various inhibitors in the culture media and a high 
concentration of Shh or vehicle control provided via the micropipette (arrows).  The 
origin represents the position of the center of the growth cone at the beginning of 
recording.  The original direction of neurite extension, as defined by the last 20 µm 
segment of the axonal shaft at the beginning of the experiment, was aligned with the 
vertical scale line.  Tick marks along the x- and y-axis represent 5 µm.  (C) Average 
turning angles and length of net axon extension for each condition are shown.  (D) 
Cumulative distributions of turning angles summarize the effects of various inhibitors on 
the repulsive turning of the RGC axons in response to a high concentration of Shh.  Each 
point depicts the percentage of growth cones bearing a turning angle equal to or less than 
the value indicated on the x-axis.  Positive angles indicate turning toward the pipette, 
whereas negative angles indicate turning away from the pipette.  (E) FM1-43+ vesicles 
(arrowheads) were imaged by fluorescence time-lapse microscopy while a high 
concentration of Shh protein was provided through the micropipette positioned at a 45o 
angle to the direction of axon extension (arrow).  Blebb, Blebbistatin; LY, LY294002. 
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 To confirm whether macropinocytosis is induced asymmetrically by a high 
concentration of Shh applied through the micropipette, we performed time-lapse 
microscopy by using the styryl FM1-43 dye, taking advantage of the fact that FM1-43 is 
nearly non-fluorescent in solution but brightly fluorescent when partitioned into the 
membrane (Brumback et al., 2004).  Co-incubation of the RGC axons with FITC-
conjugated dextran and FM1-43 showed that FM1-43 brightly labeled macropinosomes, 
primarily overlapping with the dextran+ vesicles (Fig. 3.10).  Smaller vesicles labeled by 
FM1-43 were hardly visible, at the level of magnification and exposure time of the 
camera.  A substantially higher number of large FM1-43+ vesicles were observed to form 
at the side of the micropipette delivering a high concentration of Shh protein compared to 
the opposing side (69.8 ± 1.5 vs 30.2 ± 1.5%; n=115 vesicles from 10 axons) (Fig. 3.9E).  
Macropinocytosis thus occurred rapidly at the side of the growth cone facing the 
micropipette through which Shh was being pulsed, before visible axonal turning 
occurred. 
 We next determined whether the agents that inhibit macropinocytosis would also 
inhibit repulsive axon turning induced by a high concentration of Shh.  We did not test 
inhibitors that induced growth cone collapse by themselves, as this would complicate the 
interpretation of the results.  We did investigate the role of dynamin and myosin II 
activities in repulsion induced by a high concentration of Shh by adding dynasore and 
blebbistatin to the culture media, applying a high concentration of Shh from the 
micropipette and recording axonal growth for a minimum of 20 minutes.  Remarkably,  
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Figure 3.10.  FM1-43 can be used to label dextran-positive macropinosomes in the 
RGC axons.   
RGC axons were incubated with FITC-dextran and FM1-43 for 5 minutes, washed and 
live imaging was performed.  Note that FM1-43 labeled all the large dextran+ vesicles 
(arrows), and some large dextran- vesicles (arrowhead).  At the level of magnification 
and set exposure, small vesicles were hardly visible. 
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dynasore abolished the repulsive turning induced by Shh, yielding an average turning 
angle of 1.6o (Fig. 3.9B–D).  Similar inhibition of directional turning was observed by 
blebbistatin (mean turning angle of 2.2o).  Axons were able to turn in the presence of 
inhibitors, thus turning per se was not inhibited (Fig. 3.9B–D).  With the exception of 
dynasore, the inhibitors did not appear to significantly affect the length of axon 
extension.  Correlating with their lack of effect on macropinocytosis, the PI3K inhibitor 
(LY294002) and the inhibitor of clathrin-mediated endocytosis (MDC) did not affect 
repulsive turning induced by a high concentration of Shh (Fig. 3.9B–D). 
 To confirm that dynamin-mediated macropinocytosis is critical for repulsive 
turning of RGC axons in response to a high concentration of Shh, we transfected 
constructs encoding HA-tagged dominant-negative (DN) forms of dynamin 1 and 
dynamin 2 (dyn1 K44A and dyn2 K44A) into the RGCs (van der Bliek et al., 1993; 
Sontag et al., 1994).  Few axons were found to be positive for DN dynamin 1, as dynamin 
1 was more concentrated in the cell body.  In DN dynamin 2-transfected RGC axons, DN 
dynamin 2 appeared to concentrate around some large vesicles in the growth cones (Fig. 
3.8A).  Because of technical difficulties, we performed stripe assays instead of turning 
assays on the transfected axons.  After transfection by electroporation, retinal tissues 
were cultured on glass coverslips coated with alternating stripes of high Shh and BSA 
proteins.  As shown in Figure 3.8B, 90.9% green fluorescent protein (GFP)-transfected 
axons turned away from stripes coated with a high concentration of Shh (10 of 11 axons), 
in contrast to only 34.6% of DN dynamin 2-transfected axons (n=26 axons).  This result 
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confirms that dynamin-mediated macropinocytosis is required for the negative guidance 
effect induced by a high concentration of Shh. 
Activation of myosin II or phorbol myristate acetate treatment increases 
macropinocytosis and elicits negative effects on axons 
 Calyculin A at low concentrations has been shown to specifically inhibit myosin 
light chain phosphatase (Gupton and Waterman-Storer, 2006), thus enhancing myosin II 
activity.  Treatment with a low concentration of calyculin A significantly increased 
dextran uptake in the RGC axons (Fig. 3.11A), supporting the hypothesis that myosin II 
activity is important for macropinocytosis in the RGC axons.  Consistent with the notion 
that macropinocytosis is critical for the effects induced by negative guidance factors, 
calyculin A induced growth cone collapse when applied in bath (79.0 ± 3.6%; n=115 
axons) and repulsive axon turning in turning assays (Fig. 3.11B and 3.11C).  Similarly as 
in macrophages and dorsal root ganglion axons (Swanson, 1989; Fournier et al., 2000), 
phorbol myristate acetate (PMA) also increased macropinocytosis in the RGC axons (Fig. 
3.11A). Accordingly, PMA caused a significant increase in growth cone collapse when 
added in bath (86.3 ± 5.1%; n=155 axons) and induced repulsive turning in the axon 
turning assay (Fig. 3.11C).  These results demonstrate that increased macropinocytosis 
induced by calyculin A and PMA correlates with an increase of negative effects on RGC 
axons, including growth cone collapse and repulsive axon turning. 
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Figure 3.11.  Calyculin A and PMA are sufficient to induce dextran upake and 
repulsive axon turning. 
(A) Percentages of axons undergoing dextran uptake were scored in the presence of 
vehicle control (CTL), calyculin A (CalA), and PMA.  Numbers in parentheses indicate 
the total number of axons scored.  **p<0.01, Student’s t-test.  (B) Time-laspe microscopy 
was carried out to analyze growth cone collapse and axon retraction in the presence of 
calyculin A.  Note that calyculin A was sufficient to induce rapid growth cone collapse 
and axon retraction.  (C) Axon turning assays were performed by providing calyculin A 
or PMA through a micropipette positioned at a 45o angle to the direction of axon 
extension (arrow).  Note that both calyculin A and PMA induce repulsive axon turning. 
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 We further analyzed whether macropinocytosis is important for repulsive turning 
induced by other negative factors.  Ephrin-A2 has been shown to be a negative factor to 
RGC axons derived from the temporal retina and has previously been reported to induce 
macropinocytosis (Nakamoto, 1996; Jurney et al., 2002).  We found that 
macropinocytosis induced by ephrin-A2 was also inhibited by pre-treatment with 
dynasore (Fig. 3.12A).  In the turning assays, ephrin-A2 caused repulsive turning of 
temporal RGC axons with a mean turning angle of -16.5o.  Bath application of dynasore 
abolished repulsive turning induced by ephrin-A2 (Fig. 3.12B), suggesting that 
macropinocytosis-mediated membrane trafficking may play a general role in the response 
of axons to negative guidance factors. 
Macropinocytosis is also regulated by positive factors and can be induced in RGCs 
ex vivo 
 The effect of positive factors on macropinocytosis was also analyzed.  We tested 
the effect of a low concentration of Shh, which we showed previously as a positive factor 
(Kolpak et al., 2005).  A low concentration of Shh was added with FITC–dextran for 2 or 
15 minutes, and a significant decrease of dextran uptake was observed in the axons (Fig. 
3.13).  The decrease of macropinocytosis by a low concentration of Shh was abolished by 
addition of cyclopamine, suggesting that the effect is specific to Shh and also implicates 
Smo in the signal transduction pathway.  Because soluble laminin has been shown to 
affect axon growth rate and direction (Cohen et al., 1987; Liesi and Silver, 1988), we 
tested the effect of soluble laminin on the growth and dextran uptake of chick RGC  
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Figure 3.12.  Ephrin-A2 induces dextran uptake and repulsive axon turning in a 
dynamin-dependent manner.  
(A) RGC axons were pre-treated with vehicle control or dynasore for 5 minutes, followed 
by incubation with dextran and control or ephrin-A2 for 5 minutes.  Note the increase of 
dextran uptake induced by ephrin-A2 in the RGC axons is significantly inhibited by pre-
incubation with dynasore (***p<0.001, Student’s t-test).  Data are normalized to control 
and are represented as mean ± SEM.  Numbers in parentheses indicate the total number 
of axons scored.  (B) Turning assays were performed by applying ephrin-A2 through the 
micropipette.  Note that repulsive axon turning induced by ephrin-A2 was abolished by 
addition of dynasore in bath.   
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Figure 3.13.  Positive factors also regulate macropinocytosis in the axons. 
RGC axons were treated with vehicle control or a low concentration of Shh (0.5 µg/ml) 
for 2 or 15 minutes in the absence or presence of cyclopamine (cyc).  Soluble laminin 
was also tested for its effect on dextran uptake.  Percentages of axons positive for dextran 
were scored and normalized to control.  Data are represented as mean ± SEM.  Numbers 
in parentheses indicate the total number of axons scored.  *p<0.05, **p<0.01, Student’s t-
test.  Note that both a low concentration of Shh and laminin (LM) significantly decrease 
dextran uptake in the RGC axons.     
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axons.  Addition of soluble laminin in the culture induced very rapid increases in chick 
RGC axon elongation by time-lapse microscopy (data not shown) and, consistently, a 
decrease of dextran uptake (Fig. 3.13).  We also applied soluble laminin through a 
micropipette positioned at a 45o angle to the direction of axon extension.  Unlike the 
negative factor, a high concentration of Shh (Fig. 3.9E), laminin significantly decreased 
macropinocytosis, as very few axons contained any FM1-43+ vesicles in the presence of 
laminin (data not shown).  These results indicate that macropinocytosis is induced by 
negative, not positive, factors in the axons. 
 Finally, we examined whether RGC axons in ex vivo explants can internalize 
dextran in response to a high concentration of Shh in order to determine if the results we 
observed in axons cultured in vitro were also occurring in the intact retina.  At E6, the 
RGC axons are localized very close to the surface of the retina at the ganglion cell side.  
Retinas were dissected and flat-mounted onto nitrocellulose filters with the ganglion cell 
side facing up.  FITC–dextran with vehicle control or a high concentration of Shh was 
incubated with the flat-mounted retinal tissues for 2 minutes at 37°C.  The tissues were 
then washed and fixed.  A marked increase of dextran labeling was observed in the RGC 
layer in the samples treated with a high concentration of Shh compared with those treated 
with vehicle control (Fig. 3.14A).  When observed at higher magnification, it appeared 
that the dextran labeling was present in the distal tips of the axons.  To determine whether 
the increase in dextran uptake correlates with a change in RGC axon growth, RGC axons 
in the living retinal explants were labeled by DiI following a previously described  
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Figure 3.14.  A high concentration of Shh induces dextran uptake and axon 
retraction ex vivo. 
(A) Dextran uptake occurs in retinal explants ex vivo.  Flat-mounted retinas were 
incubated with FITC–dextran and vehicle control (CTL) or a high concentration of Shh 
for 2 minutes.  The tissues were then washed, fixed, and photographed at the RGC side 
by fluorescence microscopy.  Note that treatment with a high concentration of Shh 
induced a marked increase in dextran uptake.  (B) Flat-mounted retinas were incubated 
with DiI crystals in order to label RGC axons.  The movement of DiI-labeled RGC axons 
in the explant culture was filmed by time-lapse microscopy in the presence of vehicle 
control or a high concentration of Shh in the culture media.  Note that a high 
concentration of Shh substantially increased the number of axons undergoing retraction 
compared with the control samples.  Scale bars: 10 μm. 
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procedure (Brittis et al., 1995).  The movement of ganglion cell growth cones was filmed 
by fluorescence time-lapse microscopy for 30 minutes, with the addition of vehicle 
control or a high concentration of Shh in the culture media.  Only a small fraction of 
RGC axons (2 of 28 axons) retracted in the control cultures, in contrast to a much higher 
proportion of axons (14 of 34 axons) retracting in the high Shh-treated cultures (Fig. 
3.14B).  These results demonstrate that the negative factor, a high concentration of Shh, 
can induce dextran uptake, which correlates with an increase in axon retraction in living 
retinal explants, similar to the results we observed in the in vitro cultures. 
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Discussion 
 
 In this study, we demonstrate that a high concentration of Shh protein induces 
macropinocytosis in the axons, through activation of a noncanonical signaling pathway.  
We found that nonmuscle myosin II activity was rapidly increased in the axons following 
the addition of a high concentration of Shh.  Additionally, macropinocytosis induced by a 
high concentration of Shh was observed to occur rapidly in the growth cones and was 
further characterized as independent of clathrin and PI3K but dependent on dynamic F-
actin, dynamin and myosin II activities.  Inhibitors of macropinocytosis abolished growth 
cone collapse and repulsive axon turning induced by a high concentration of Shh, and 
pharmacologically-induced macropinocytosis correlated with growth cone collapse and 
repulsive axon turning.  These results support the idea that macropinocytosis-mediated 
membrane trafficking is essential for growth cone collapse, axon retraction and 
chemorepulsive axon guidance. 
 Although the correlation of macropinocytosis and axon growth cone collapse has 
been reported by previous studies (Fournier et al., 2000; Jurney et al., 2002), our study 
provides the first functional evidence that macropinocytosis-mediated membrane 
trafficking is essential for growth cone collapse and repulsive axon turning induced by 
negative factors.  An increase in dextran uptake has also been reported in dystrophic 
growth cones of dorsal root ganglion neurons grown on the proteoglycan aggrecan in 
vitro and in adult nerve endings after spinal cord injury, correlating with a failure of 
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regeneration (Tom et al., 2004).  Although it is not clear whether dextran uptake in the 
dystrophic nerve is a cause or effect of axon dystrophy, it is very interesting that these 
vesicles can be induced in both the embryonic and adult axons, under normal 
developmental and pathological conditions. 
 Membrane retrieval associated with repulsive axon turning could conceivably be 
mediated by detachment of plasma membrane rather than endocytosis.  However, 
inhibition of dynamin function by using a pharmacological inhibitor and expression of a 
dominant-negative dynamin construct inhibits repulsive axon turning, suggesting that 
endocytosis is required for this process.  Because the inhibitor of clathrin-mediated 
endocytosis, MDC, does not have any effect on repulsive axon turning, clathrin-
independent macropinocytosis is thus the main endocytic mechanism involved in the 
process.  We show that asymmetric macropinocytosis occurs very rapidly (within 1 
minute) after the application of a repulsive guidance cue, minutes before visible axon 
turning was observed.  The time sequence supports that macropinocytosis is probably a 
cause rather than an indirect effect of repulsive axon turning.  Because negative guidance 
factors are known to induce changes in cytoskeletal dynamics, it is unclear whether 
macropinocytosis alone can drive repulsive axon turning.  To resolve this issue, a much 
better understanding of the molecular mechanisms involved in macropinocytosis is 
necessary.  In an attempt to address this issue, we used PMA and calyculin A, neither of 
which are known to be axon guidance factors but could induce macropinocytosis in the 
growth cones.  Interestingly, both PMA and calyculin A caused growth cone collapse and 
  
120 
repulsive axon turning, supporting the hypothesis that macropinocytosis plays a crucial 
role in these processes.    
 Based on its relatively large size and independence of clathrin, the dextran-
positive vesicles in RGC axons fall into the definition of macropinosomes.  Our study 
demonstrated that macropinocytosis in the axons shares common characteristics with 
those in non-neuronal cells but with its own distinct features (Swanson and Watts, 1995; 
Swanson, 2008).  Macropinocytosis in the axons does not require PI3K, and the dextran-
positive vesicles were also not positive for two macropinosome markers reported in some 
non-neuronal cells, including Abi-1 and Rab34 (Sun et al., 2003) (data not shown and 
Fig. 3.15).  The independence of PI3K is consistent with the fact that the PI3K pathway 
generally associates with positive, not negative, axon growth/guidance pathways (Goold 
et al., 1999).   
 The requirement of dynamin in macropinocytosis in non-neuronal cells appears to 
be cell type dependent.  In fibroblasts, dominant-negative dynamin 2 inhibits V12Rac- or 
PDGF-induced macropinocytosis without affecting baseline fluid-phase uptake (Schlunck 
et al., 2004).  Prolonged inhibition of either dynamin 1 or dynamin 2 activities, however, 
induces a compensatory, dynamin- and clathrin-independent fluid-phase mechanism 
(Damke et al., 1995; Altschuler et al., 1998).  In the RGC axons, inhibitors including 
dynasore and dynamin inhibitory peptide inhibited high Shh-induced macropinocytosis as 
well as macropinocytosis in the control cultures without the addition of Shh protein.    
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Figure 3.15.  Rab34 did not colocalize with newly formed dextran-positive vesicles.  
RGC axons were treated with either vehicle control or a high concentration of Shh with 
dextran for 5 minutes, fixed, and stained with an anti-Rab34 antibody.  Rab34 staining 
did not associate with the dextran+ vesicles in either the vehicle- or high Shh-treated 
samples (arrows).  Scale bars: 5 µm. 
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 Cytochalasin D and dynamin inhibitory peptide inhibit macropinocytosis, 
consistent with the notion that actin assembly and dynamin are required for 
macropinocytosis.  Interestingly, cytochalasin D and dynamin inhibitory peptide alone 
induce growth cone collapse, suggesting that growth cone collapse can be uncoupled 
from macropinocytosis under special conditions.  However, there is no evidence that 
macropinocytosis can be uncoupled from repulsive axon turning.  Because actin filaments 
are essentially the only type of cytoskeletal elements present in the filopodia, it is not 
surprising that depolymerization of actin filaments by cytochalasin D leads to a loss of 
filopodia, a characteristic of growth cone collapse.  In contrast, physiological negative 
axon guidance factors induce growth cone collapse not through depolymerization but 
rather reorganization of actin filaments as shown by phalloidin staining (Fig. 3.5), 
accompanied by an increase in macropinocytosis.  Furthermore, growth cone collapse 
induced by negative guidance factors, but not those induced by cytochalasin D or 
dynamin inhibitory peptide, is followed by rapid axon retraction.  In fact, cytochalasin D 
and dynamin inhibitory peptide inhibit axon retraction occurring spontaneously or 
induced by a high concentration of Shh (data not shown).  Therefore, macropinocytosis 
appears also to correlate with axon retraction induced by negative factors. 
 Several studies, including our previous study, demonstrate that Shh regulates 
axonal growth and guidance in a noncanonical transcription-independent pathway 
(Trousse et al., 2001; Charron et al., 2003; Kolpak et al., 2005).  However, the signaling 
mechanism underlying the effect of Shh remains unclear.  We demonstrate that Shh at a 
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high concentration increases the activity of nonmuscle myosin II.  In light of the fact that 
macropinocytosis is also induced by other negative factors (Fournier et al., 2000; Jurney 
et al., 2002) and dynasore can inhibit repulsive turning induced by ephrin-A2, 
macropinocytosis may play a general role in mediating effects of negative guidance 
factors.  Since a low concentration of Shh and soluble laminin decrease macropinocytosis 
in the axons, macropinocytosis may be a common pathway regulated by both the positive 
and negative factors. 
 Because of their large sizes, macropinosomes can be effective in regulating 
surface protein expression, removing adhesion sites between the growth cone and the 
substratum, or change the surface area associated with growth cone collapse, axon 
retraction, and chemorepulsion.  When myosin II and dynamin activities were inhibited, 
only the repulsive turning induced by a high concentration of Shh was abolished but not 
turning per se.  It is possible that spontaneous turning does not require macropinocytosis 
of the same type.  Alternatively, exocytosis may contribute to the non-directional turning 
in these experiments, as suggested by a recent report that exocytosis is important for 
supplying membrane during axon growth and attractive axon turning (Tojima et al., 
2007).  Interestingly, inhibition of VAMP2-mediated exocytosis was reported to only 
prevent growth cone attraction but not repulsion (Tojima et al., 2007), suggesting that 
growth cone attraction and repulsion use distinct mechanisms rather than impinging on 
the same molecular machinery.  We present evidence here that macropinocytosis in the 
growth cone is critical for mediating the effects of negative guidance factors.  Therefore, 
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membrane trafficking including endocytosis and exocytosis may emerge as key processes 
in directional turning of axons induced by axon guidance cues. 
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Chapter IV.   Sonic hedgehog regulates the motility of macropinosomes along 
retinal ganglion axons 
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Abstract 
 
 Motility of organelles and vesicles along axons is important for delivering cargo 
and membrane to sites where they are needed.  Here, we show that the motility of 
macropinosomes along retinal ganglion axons is regulated by Sonic hedgehog (Shh) 
protein.  A low concentration of Shh, which acts as a positive axon guidance factor, 
increases the motility of dextran+ and FM1-43+ macropinosomes.  Additionally, a low 
concentration of Shh increases retrograde and anterograde vesicle velocity, while a high 
concentration of Shh, which acts as a negative axon guidance factor, alone did not appear 
to have any significant effect on macropinosome motility or velocity.  Disruption of F-
actin with cytochalasin D increased the motility of the vesicles.  Transport of the 
macropinosomes required microtubules, as depolymerization with nocodazole 
significantly decreased both anterograde and retrograde movement.  These results suggest 
that transport of macropinosomes along axonal microtubules can be regulated by axon 
guidance factors and may be important for the response of axons to these factors.   
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Introduction 
 Motility of organelles and vesicles along axons is regulated during development 
to allow for the proper delivery of cargo to growing axons.  These cargoes often move 
along microtubules, which is an abundant cytoskeletal protein present within the axon 
shaft and are oriented along the axon shaft with the plus ends directed toward the growth 
cone and the minus ends directed toward the cell body (Baas et al., 1988).  Cargoes are 
transported by microtubule-based motor proteins.  Dynein, a minus end-directed motor, is 
responsible for retrograde transport towards the cell body, while the family of kinesins, 
plus end-directed motor proteins, is responsible for anterograde transport towards the 
growth cone (Hirokawa, 1998; Hirokawa and Takemura, 2005).   
 Many studies have investigated the motility of mitochondria along axonal 
microtubules.  Mitochondria have been observed to move in both the retrograde and 
anterograde directions, and often their movement is saltatory with many intermittent 
pauses.  Transport of mitochondria is regulated by physiological factors, such as nerve 
growth factor (NGF), which induces the movement of mitochondria into regions of the 
axon contacting NGF protein and also decreases their movement away from these regions 
(Chada and Hollenbeck, 2004).  Additionally, mitochondrial movement has correlated 
with the growth state of the axons, with increased net anterograde motility observed in 
extending axons and increased net retrograde motility observed in stalled axons (Morris 
and Hollenbeck, 1993; Chada and Hollenbeck, 2004; Cai and Sheng, 2009).   
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 Additionally, other organelles and cargo are also transported along the axons.  
The majority of FM1-43-positive endocytic vesicles derived from the growth cones of 
chick ciliary ganglion neurons were observed to travel retrogradely back towards the cell 
body, however, some of these vesicles also entered neurite branches (Denburg et al., 
2005).  Similarly, macropinosomes induced by caffeine in the growth cones of chick 
dorsal root ganglion (DRG) axons were also observed to have a net retrograde movement 
along axons towards the cell body (Kabayama et al., 2009).  Movement of organelles can 
be regulated by axon guidance factors, such as collapsin-1, which is a negative guidance 
factor that induces growth cone collapse.  By performing time-lapse microscopy 
experiments and analyzing the motility of particles along mouse DRG axons, collapsin-1 
was found to stimulate the transport of organelles in both the retrograde and anterograde 
directions without affecting their velocity (Goshima et al., 1997).  Therefore, collapsin-1 
increases the ability of an organelle to move, rather than affecting the kinetics of its 
movement.  Also, signaling pathways can affect vesicle and organelle transport.  In fact, 
the anterograde movement of small vesicles along the crayfish walking leg giant axon 
was found to be inhibited by activation of the cAMP signaling pathway, likely through 
cAMP-dependent phosphorylation of kinesin.  However, the retrograde movement of 
these vesicles and bidirectional transport of mitochondria were unaffected by cAMP 
signaling (Okada et al., 1995).      
 We previously found that Sonic hedgehog (Shh) acts in a concentration-dependent 
manner to affect the growth and guidance of chick retinal ganglion cell (RGC) axons.  At 
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a low concentration, Shh acts as a positive factor to promote axon growth and attractive 
axon turning.  At a high concentration, Shh acts as a negative factor to induce axon 
retraction and repulsive axon turning (Kolpak et al., 2005).  The effect of Shh on axon 
growth and guidance occurs through a transcription-independent mechanism (Trousse et 
al., 2001; Charron et al., 2003; Kolpak et al., 2005; Kolpak et al., 2009; Yam et al., 
2009).  The signaling pathways mediating this response have not been well characterized, 
however, addition of a high concentration of Shh to RGC axons for 20 minutes decreases 
the concentration of cAMP within the growth cones, suggesting a role for cAMP in Shh-
induced axon retraction (Trousse et al., 2001).  In addition to their involvement in the 
noncanonical transcription-independent Shh pathway, cyclic nucleotides have also been 
implicated in transducing the canonical transcription-dependent hedgehog signal in other 
cell types.  In Drosophila, the cAMP-dependent protein kinase (PKA) phosphorylates 
Smo, and as a result, enhances Smo stability, localization and signaling activity (Jia et al., 
2004; Zhang et al., 2004).  In vertebrates, PKA negatively regulates Shh signaling and 
induces repression of Shh target genes in the central nervous system (Epstein et al., 1996; 
Hammerschmidt et al., 1996).  Furthermore, cGMP has been shown to affect the response 
of neural plate cells to Shh (Robertson et al., 2001).   
 Cyclic nucleotides have also been shown to modulate the response of axons to a 
guidance cue, as they affect axon responses but are not directly involved in mediating the 
downstream signaling events (Song and Poo, 1999).  This has been demonstrated in axon 
turning assays where addition of cyclic nucleotide agonists or antagonists to the media in 
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combination with a focal application of guidance factors has caused a switch in the 
response of the axon to the factors.  For example, type I guidance cues, such as netrin-1, 
brain-derived neurotrophic factor (BDNF) and myelin-associated glycoprotein (MAG), 
are modulated by cAMP signaling.  Type II guidance cues, such as Semaphorin 3A and 
neurotrophin 3 (NT-3), are modulated by cGMP signaling (Xiang et al., 2002).  In type I 
guidance, cAMP agonists convert MAG-induced repulsion to attraction while cAMP 
antagonists convert netrin-1- and BDNF-induced attraction to repulsion.  In type II 
guidance, cGMP agonists convert Semaphorin 3A-induced repulsion to attraction while 
cGMP antagonists convert NT-3-induced attraction to repulsion (Song and Poo, 1999).  
Little is known about how cyclic nucleotides can modulate axon responses to guidance 
cues, however it has been suggested that cAMP and cGMP may affect Ca2+ channels or 
the localization of guidance cue receptors within growth cones (Nishiyama et al., 2003; 
Bouchard et al., 2004).    
 Our previous work showed that Shh protein regulates macropinocytosis in the 
axons (Kolpak et al., 2009).  Macropinocytosis is stimulated in the growth cone by 
negative axon guidance factors, such as a high concentration of Shh, ephrin-A2 and 
Semaphorin 3A, and results in the generation of large fluid-phase endocytic vesicles that 
are typically greater than 0.2 µm in diameter (Fournier et al., 2000; Jurney et al., 2002; 
Kolpak et al., 2009).  Macropinocytosis in the axons requires dynamin, nonmuscle 
myosin II, Rho GTPase and dynamic F-actin but occurs independently of clathrin-
mediated endocytosis.  These results suggest that activation of macropinocytosis may be 
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important for mediating growth cone collapse and repulsive turning in response to 
negative guidance factors, as inhibition of macropinocytosis in the axons also inhibited 
growth cone collapse and chemorepulsive turning (Kolpak et al., 2009). While some 
mechanistic detail regarding the formation of these vesicles has been elucidated, the fate 
of these vesicles following internalization has not been well studied.   
 Here, we analyzed the patterns of movement of the macropinosomes along the 
axons as well as the effects of Shh on the motility of macropinosomes.  We found that a 
low concentration of Shh and laminin, which are positive axon guidance factors, 
increased the turnover of dextran+ macropinosomes in the axons, while a high 
concentration of Shh had no effect.  Additionally, a low concentration of Shh 
significantly increased the motility of macropinosomes labeled by dextran or FM1-43 
along the axons, however, a high concentration of Shh alone did not seem to affect their 
motility.  The macropinosomes appeared to move along microtubules, as treatment with a 
microtubule depolymerizing drug inhibited transport.  Interestingly, depolymerization of 
F-actin with cytochalasin D increased the motility of these vesicles along the axon.  
These results show that a low concentration of Shh increases motility of macropinosomes 
along axonal microtubules, suggesting that regulation of macropinosome movement may 
be an important feature of positive axon guidance factors. 
  
133 
Materials and Methods 
 
RGC axon culture 
 Standard specific pathogen-free white Leghorn chick embryos were provided 
fertilized by Charles River Laboratories (North Franklin, Connecticut) and incubated in a 
moisturized 38oC incubator.  The embryos were staged according to Hamburger and 
Hamilton (Hamburger and Hamilton, 1992).  Chick retinas were harvested at embryonic 
day 6 (E6), mounted on nitrocellulose filters, cut into approximately 300 µm-wide strips 
and cultured on glass bottom dishes coated with 10 µg/ml poly-D-lysine (Sigma) and 10 
µg/ml laminin (Invitrogen).  The retinal explants were cultured for 16-20 hours in F-12 
media (Invitrogen) containing 0.4% methyl cellulose (Sigma) and penicillin/streptomycin 
to allow for axon outgrowth.   
Dextran uptake, chase and time-lapse video microscopy 
 For dextran pulse-chase experiments, RGC cultures were incubated with 2.5 
mg/ml 10K FITC-dextran (Molecular Probes) for 2 minutes, washed 3 times with warm 
media and then incubated in media containing vehicle control, 0.5 µg/ml or 2.5 µg/ml of 
purified recombinant mouse Shh protein (R&D Systems) or 20 µg/ml laminin for 15 
minutes before fixation with 4% paraformaldehyde.  The percentage of dextran+ axons 
was scored from at least 100 randomly chosen RGC axons in each sample and a total of 3 
sets of independent experiments were performed.  Axons containing at least one dextran+ 
vesicle were scored as dextran+ axons.  All data are expressed as mean ± SEM.  
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Student’s t-tests were performed and p values <0.05 were considered to be statistically 
significant.   
 For time-lapse experiments, RGC cultures were incubated with 2.5 mg/ml 10K 
rhodamine-dextran (Molecular Probes) for 5 minutes, washed, and then vehicle control or 
a low concentration (0.3 μg/ml) of Shh protein was added.  Time-lapse microscopy was 
performed on a Zeiss Axiovert 200 microscope with a 63X objective and samples were 
maintained at 37oC on a heated microscope stage.  Images were acquired using the Zeiss 
Axiovision LE software.  Filming was started immediately after protein addition and 
carried out for 15 minutes during which many axons in different fields were filmed.  For 
each field of axons, a DIC image was acquired and then 3 fluorescence images were 
acquired every 5 seconds to visualize dextran movement for a total of 10 seconds.  
Dextran+ vesicles were scored as motile when they moved at least 0.5 μm during the 10 
second filming period.   
FM1-43 labeling and time lapse microscopy 
 FM1-43 (Invitrogen) was diluted in culture media to a final concentration of 3 
µM, vortexed 1 minute and then spun at maximum speed for 5 minutes to pellet any large 
aggregates.  RGC axons were then incubated with the diluted FM1-43 for 5 minutes at 
37oC, washed 3 times with warm media and then BSA vehicle control, 10 µM 
cytochalasin D (Sigma), or a low or high concentration (0.3 µg/ml or 2.5 µg/ml, 
respectively) of Shh was added.  For some experiments, axons were pre-treated for 30 
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minutes with cyclic nucleotide agonists (20 µM Sp-cAMPS, Sigma, or 8-Bromo-cGMP, 
Biomol) or antagonists (20 µM Rp-cAMPS, Sigma, or Rp-cGMPS, Biomol).  For 
experiments in which microtubules were depolymerized, axons were first labeled for 5 
minutes with FM1-43, washed and then incubated with 10 µM cytochalasin D followed 
by an additional 30 minute incubation with 10 µg/ml nocodazole (Sigma).  Time-lapse 
microscopy was performed for 15 minutes and fluorescence images were acquired every 
5 seconds.  During the 15 minute filming period, multiple fields of axons were filmed for 
a total of 3 minutes before moving to a new field of axons.   
 Kymograph analysis was performed using a plug-in module in the Image J 
software.  For each axon containing at least one motile vesicle in the axon shaft, a 
kymograph was generated to include as many motile vesicles as possible.  The velocity of 
vesicle movement for each run was calculated based on the angle of the lines representing 
each run on the kymograph.  Inverse tangent values of the angles were calculated, which 
resulted in positive values for anterograde runs and negative values for retrograde runs.  
The inverse tangent values were further converted to velocity of movement by 
multiplying by a factor of 0.02, which was determined through calibration.  The line 
lengths of each run were also measured using the Image J software.  The run lengths were 
then calculated by the formula: line length x sin (angle).  At least 110 vesicle runs were 
measured for each condition.  The log of all the data were then binned into groups to 
generate histograms to show the distribution of the run velocity and run lengths.  
  
136 
Unpaired Student’s t-tests were performed and p values less than 0.05 were considered to 
be statistically significant.   
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Results 
A low concentration of Shh and laminin increase the turnover of dextran-positive 
vesicles in the axons 
 We set out to determine whether positive and negative factors can impact the 
turnover rate of dextran+ macropinosomes following their internalization.  Axons were 
pulse-labeled with dextran for 2 minutes, rinsed with culture media, and then chased in 
the presence of either vehicle control or high or low concentrations of Shh protein for 15 
minutes.  While a high concentration of Shh did not appear to have a significant effect on 
the kinetics of the dextran+ vesicles (Fig. 4.1A), a low concentration of Shh significantly 
decreased the percentage of dextran+ axons following the 15 minute chase compared 
with the vehicle control (0.56 ± 0.08 in low Shh-treated axons versus 1.00 in control) 
(Fig. 4.1A).  However, in the remaining dextran+ axons, the average number of dextran+ 
vesicles per axon was not significantly altered by a low concentration of Shh (Fig. 4.1B).  
Similarly, addition of soluble laminin, which has been shown to act as a positive factor 
and induce growth of axons within minutes after addition (Rivas et al., 1992) 
(unpublished data), decreased the percentage of dextran+ axons during a 15 minute chase 
(0.62 ± 0.07 in laminin-treated axons versus 1.00 in control) (Fig. 4.1A).  These results 
suggest that positive factors including a low concentration of Shh and laminin increase 
the turnover of dextran+ vesicles in the axons.  
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Figure 4.1.  Positive axon guidance factors increase the turnover of dextran-positive 
vesicles. 
Axons were pulse-labeled with FITC-dextran for 2 minutes, washed and then chased in 
media containing BSA vehicle control, a low or high concentration of Shh (0.5 µg/ml or 
2.5 µg/ml, respectively) or laminin (20 µg/ml) for 15 minutes.  (A)  The percentage of 
dextran+ axons was scored and results are normalized to control.  (B)  The number of 
dextran+ vesicles per axon was also quantified. * p< 0.05 compared with vehicle control, 
Student’s t-test.  Data are represented as mean ± SEM.  Numbers in parentheses indicate 
the total number of axons scored.   
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A low concentration of Shh increases the motility of macropinosomes within the 
axons 
 The increased turnover of the dextran+ macropinosomes in response to a low 
concentration of Shh and laminin could be the result of increased exocytosis of these 
vesicles, increased retrograde movement of these vesicles back toward the cell body, or a 
combination of both.  To directly assess the effect of a low concentration of Shh on 
macropinosome turnover, we performed time-lapse microscopy and visualized the 
movement of dextran+ macropinosomes.  Axons were incubated with rhodamine-dextran 
in the culture media, washed and then recorded in the presence of either vehicle control 
or a low concentration of Shh for 15 minutes.  Snapshots of the movement of the 
dextran+ vesicles in individual axons were recorded for only a 10 second time period to 
avoid bleaching of the fluorescence signal (Fig 4.2A).  The dextran+ vesicles were 
observed to move along the axons bi-directionally, in both the retrograde (towards the 
cell body) and anterograde (towards the growth cone) directions.  A low concentration of 
Shh increased the fraction of axons containing at least 1 motile dextran+ vesicle from 
28.1% (n=133 axons) in the vehicle control to 60.2% (n=142 axons) (Fig. 4.2B).  The 
average number of motile dextran+ vesicles per axon also increased in the presence of a 
low concentration of Shh (2.1 versus 1.4 in controls) (Fig. 4.2C).   
 These initial results suggest that a low concentration of Shh regulates the motility 
of macropinosomes along axons, however, it is difficult to draw conclusions based on 
such a short filming period.  We therefore utilized another photostable dye, FM1-43, to  
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Figure 4.2.  A low concentration of Shh increases the motility of dextran-positive 
vesicles.   
(A)  Axons were labeled for 5 minutes with dextran, washed and then chased with either 
vehicle control or a low concentration of Shh.  Snapshots of macropinosome movement 
were obtained by performing fluorescence time-lapse microscopy in one field for 10 
seconds.  Colored arrowheads indicate motile vesicles.  Note an increased number of 
motile vesicles in axons treated with a low concentration of Shh.  Scale bar: 5 µm.  (B)  
Quantification of the percentage of axons having at least 1 motile vesicle and the average 
number of motile vesicles per axon.  ** p<0.01, Student’s t-test.  Numbers in parentheses 
indicate the total number of axons scored.  (C)  Quantification of the number of motile 
vesicles per axon in axons containing at least 1 motile vesicle.  * p<0.05, Student’s t-test.  
Numbers in parentheses indicate the total number of axons scored.     
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perform longer term time-lapse microscopy experiments.  FM1-43 fluoresces only when 
partitioned in the cell membrane but not when present in the culture media (Betz et al., 
1996) and we previously found that FM1-43 labels the dextran+ macropinosomes quite 
specifically when the exposure time of the camera is kept short (Kolpak et al., 2009).  We 
performed the same time-lapse microscopy experiments as with the rhodamine-dextran 
but increased the imaging time of each field of axons to 3 minutes.    
 Within 3 minutes, we did not observe any obvious vesicle fusion events based on 
the fact that they do not appear to visibly change in size, morphology or fluorescence 
intensity.  Within some axons, all the FM1-43+ vesicles remain stationary whereas in 
other axons vesicles were observed to move for extended periods of time in a saltatory 
and bidirectional pattern (Fig. 4.3A).  However, the majority of vesicles remained 
stationary (78.8%, n = 325 vesicles) within the axon shaft, which is similar to what was 
observed with the snapshots of the dextran+ vesicles.  On average, 5.5 total labeled 
vesicles were observed per axon (n = 54 axons).  We scored the percentage of axons 
containing at least 1 motile vesicle and found that in the control samples, 44.4% of axons 
contained at least 1 motile vesicle (n = 54 axons).  Interestingly, when we added a low 
concentration of Shh to the culture media, we saw a significant increase in the number of 
axons with motile vesicles (75.6% of axons, n = 75 axons) compared to the control (Fig. 
4.3B).  This result is consistent with what we observed with the dextran+ vesicles (Fig. 
4.2B) and suggests that a low concentration of Shh is inducing motility of these vesicles 
along the axon shaft.    
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Figure 4.3.  A low concentration of Shh increases the number of axons with motile 
vesicles in a cAMP-dependent manner. 
(A)  Axons were labeled with FM1-43 for 5 minutes before washout and incubation with 
BSA vehicle control or a low concentration of Shh (0.3 µg/ml).  Time-lapse microscopy 
was performed in one field for 3 minutes and kymographs of FM1-43+ vesicles were 
generated.  Arrowheads indicate the starting position of each vesicle within an axon.  
Note that the vesicles move along the axon shaft in saltatory and bidirectional patterns.  
(B)  Quantification of the number of axons containing at least 1 motile vesicle.  On 
average, 5.5 labeled vesicles were observed per axon.  Numbers in parentheses indicate 
the total number of axons scored in each treatment.   
  
145 
 
  
146 
A low concentration of Shh increases vesicle velocity and cooperates with cAMP 
agonist to increase vesicle run length 
 Cyclic nucleotides are thought to play an important role in modulating the 
response of axons to guidance factors, however, how these second messengers ultimately 
affect the response of the axon is not well understood (Nishiyama et al., 2003; Bouchard 
et al., 2004).  Additionally, cyclic nucleotides have been shown to participate in the Shh 
signaling pathway, however, how they affect signaling is not clear (Robertson et al., 
2001; Trousse et al., 2001).  Therefore, in order to further understand the mechanism by 
which a low concentration of Shh may be increasing vesicle motility, we pre-treated the 
axons with cyclic nucleotide agonists and antagonists.  Interestingly, we found that 
inhibition of cAMP signaling by pre-treatment with a cAMP antagonist markedly 
decreased the percentage of axons containing at least 1 motile vesicle.  In samples treated 
with a low concentration of Shh, 75.6% of axons (n = 75 axons) contained at least 1 
motile vesicle versus 45.1% of axons (n = 51 axons) treated with Rp-cAMPS and a low 
concentration of Shh and 42.7% of axons (n = 103) treated with Rp-cAMPS alone (Table 
4.1 and Fig. 4.3B).  Neither activation of the cAMP signaling pathway nor alteration of 
the cGMP signaling pathway appeared to have any significant effect on vesicle motility 
by themselves or induced by a low concentration of Shh (Table 4.1, 4.2 and Fig. 4.3B).   
 The effects of a low concentration of Shh on vesicle velocity and run length were 
also analyzed by kymograph analysis of 145 vesicle runs.  Interestingly, a low 
concentration of Shh appeared to increase both the mean anterograde vesicle velocity (8.4  
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Table 4.1.  Cyclic nucleotide agonists and antagonists themselves have no effect on 
the number of axons containing motile vesicles.   
 % axons with motile 
vesicles 
# axons scored 
Vehicle control 44.4 54 
CTL + Sp-cAMPS 48.1 54 
CTL + Rp-cAMPS 42.7 103 
CTL + 8-Br-cGMP 47.6 63 
CTL + Rp-cGMPS 43.8 32 
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Table 4.2.  Cyclic nucleotide agonists and antagonists alone have no significant 
effect on retrograde or anterograde vesicle velocity or run length.   
 Mean 
retrograde 
velocity ± 
SEM 
(mm/day) 
Mean 
retrograde 
run length 
± SEM 
(µm) 
# 
vesicle 
runs 
Mean 
anterograde 
velocity ± 
SEM 
(mm/day) 
Mean 
anterograde 
run length ± 
SEM (µm) 
# 
vesicle 
runs 
Vehicle control -11.3 ± 1.2 3.0 ± 0.2 89 8.4 ± 1.1 2.7 ± 0.5 43 
CTL + Sp-cAMPS -11.6 ± 1.8 3.5 ± 0.2 89 9.6 ± 1.3 2.6 ± 0.2 44 
CTL + Rp-cAMPS -12.6 ± 1.0 4.2 ± 0.5 115 8.5 ± 0.7 3.1 ± 0.2 78 
CTL + 8-Br-cGMP -16.8 ± 1.4 2.8 ± 0.1 92 9.5 ± 1.1 2.4 ± 0.1 71 
CTL + Rp-cGMPS -13.9 ± 1.7 2.8 ± 0.2 52 7.3 ± 0.7 2.5 ± 0.2 34 
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± 1.1 mm/day in control versus 13.5 ± 2.0 mm/day in low Shh-treated samples; p<0.05, 
Student’s t-test) as well as the mean retrograde velocity (-11.3 ± 1.2 mm/day in control 
versus -17.2 ± 1.7 mm/day in low Shh-treated samples; p<0.05, Student’s t-test) (Fig. 
4.4A, B).  However, no statistically significant effects were observed on mean vesicle 
velocity when cyclic nucleotide signaling was affected (Fig. 4.4A).  Lastly, effects on 
vesicle run length were analyzed in order to determine if a low concentration of Shh can 
influence the distance a vesicle travels along the axon before pausing or stopping.  
Analysis shows that a low concentration of Shh alone has no effect on run length in either 
the anterograde or retrograde directions compared to control (Fig. 4.4C,D).  However, a 
combination of a low concentration of Shh and cAMP agonist, Sp-cAMPS, significantly 
increased mean vesicle run length in both directions (3.0 ± 0.3 µm and -3.7 ± 0.4 µm in 
low Shh-treated samples versus 5.0 ± 0.6 µm and -6.6 ± 0.7 µm in Sp-cAMPS+low Shh-
treated samples; p<0.05, Student’s t-test), whereas Sp-cAMPS alone had no effect (2.6 ± 
0.2 µm and -3.5 ± 0.2 µm).  The vesicle run length in axons treated with both a low 
concentration of Shh and Sp-cAMPS exhibited a 98% and 71% increase over the control 
in the anterograde and retrograde directions, respectively (Fig. 4.4C,D).  These results 
suggest that activation of cAMP signaling in combination with a low concentration of 
Shh may increase processive vesicle motility along the axon shaft. 
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Figure 4.4.  A low concentration of Shh increases vesicle velocity and acts in 
combination with cAMP agonist to increase run length.   
Axons were pre-treated with cyclic nucleotide agonists or antagonists for 30 minutes 
prior to labeling with FM1-43 for 5 minutes.  FM1-43 was washed out and axons were 
incubated with BSA vehicle control or a low concentration of Shh (0.3 µg/ml) in 
combination with cyclic nucleotide agonists or antagonists.  Time-lapse microscopy was 
performed and kymographs of FM1-43+ vesicles were generated to calculate the velocity 
and run length under each experimental condition.  Bar graphs depict the mean vesicle 
velocities ± SEM (A) and mean vesicle run length ± SEM (C).  Histograms depict the 
distribution of the log of vesicle velocity (B) and log of vesicle run length (D) in control 
and low Shh-treated cultures.  Dotted vertical lines represent the log of the median 
vesicle velocity for each treatment.  Note that a low concentration of Shh markedly 
increases anterograde and retrograde vesicle velocity compared to control.  Also, note 
that the cAMP agonist (Sp-cAMPS) in combination with a low concentration of Shh 
increases the vesicle run length in both the retrograde and anterograde directions.  * p < 
0.05,  ** p < 0.01, Student’s t-test. 
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A combination of cAMP and a high concentration of Shh signaling increases 
retrograde vesicle velocity  
 In addition to testing the effects of a low concentration of Shh on vesicle motility, 
we investigated whether a high concentration of Shh, which acts as a negative axon 
guidance factor (Kolpak et al., 2005), also regulates the movement of these vesicles 
within axons.  A high concentration of Shh did not seem to affect the percentage of axons 
containing motile vesicles or the run length of the vesicles.  In terms of mean vesicle 
velocity, a high concentration of Shh alone had no statistically significant effect 
compared to control (Fig. 4.5A).  Interestingly, there appeared to be a marked increase in 
retrograde vesicle velocity in the presence of a high concentration of Shh in combination 
with cAMP agonist compared with control (Fig. 4.5A,C).  Mean retrograde vesicle 
velocity in the control was -11.3 ± 1.2 mm/day, however, when we pre-treated the axons 
with the Sp-cAMPS and added a high concentration of Shh, there was an increase in 
mean retrograde vesicle velocity to -18.1 ± 2.1 mm/day (p<0.01, Student’s t-test).  
Activation of the cAMP signaling pathway alone had no effect on velocity, as the mean 
velocity was -11.6 ± 1.8 mm/day (Fig. 4.5A, Table 4.2).  Additionally, we investigated 
the effects of a high concentration of Shh on the processive movement of the vesicles 
along the axon shaft.  We found no statistically significant differences in vesicle run 
length in the presence of a high concentration of Shh.  Overall, these results suggest that a 
high concentration of Shh does not affect vesicle motility, however, it does increase 
retrograde vesicle velocity in combination with activation of the cAMP signaling 
pathway.   
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Figure 4.5.  A high concentration of Shh increases retrograde vesicle velocity in the 
presence of the cAMP agonist.   
Axons were pre-treated with cyclic nucleotide agonists or antagonists for 30 minutes 
prior to labeling with FM1-43 for 5 minutes.  FM1-43 was washed out and axons were 
incubated with BSA vehicle control or a high concentration of Shh (2.5 µg/ml) in 
combination with nucleotide agonists or antagonists.  Time-lapse microscopy was 
performed and kymographs of FM1-43+ vesicles were generated to calculate the velocity 
and run length under each experimental condition.  Quantification of the mean vesicle 
velocity (A) or run length (C) ± SEM in the presence of a high concentration of Shh.  
Histograms depict the distribution of the log of vesicle velocity (B) treated with vehicle 
control or a high concentration of Shh (2.5 µg/ml) in the presence or absence of cAMP 
antagonist, Sp-cAMPS.  Dotted vertical lines represent the log of the median vesicle 
velocity for each treatment.  Note that Sp-cAMPS appears to increase retrograde vesicle 
velocity in the presence of a high concentration of Shh.  ** p < 0.01, Student’s t-test. 
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Disruption of F-actin increases vesicle motility while disruption of microtubules 
inhibits vesicle motility 
 We have previously found that dynamic F-actin is required for the formation of 
macropinosomes in the axons (Kolpak et al., 2009).  However, we also wondered if F-
actin could regulate subsequent steps of vesicle motility as well.  To test this, we 
incubated axons with FM1-43 dye, washed it out and then added cytochalasin D and 
performed time-lapse microscopy (Fig. 4.6A,B).  We added cytochalasin D after FM1-43 
incubation so as not to inhibit vesicle formation.  The results show that disruption of F-
actin with cytochalasin D increased the number of axons containing motile vesicles from 
44.4% in control (n = 54 axons) to 68.2% in cytochalasin D-treated axons (n = 44 axons) 
(Fig. 4.6C).  Additionally, we investigated the effect of F-actin disruption on vesicle 
velocity and run length.  No statistically significant difference in velocity or run length in 
either the retrograde or anterograde directions was observed between the control and 
cytochalasin D-treated samples (Fig. 4.6D).  These results suggest that depolymerization 
of F-actin increases the ability of vesicles to move, rather than the kinetics of their 
movement.  Additionally, since vesicle motility was not inhibited by depolymerization 
with cytochalasin D, this suggests that the vesicles are not being transported along actin 
filaments.     
 Lastly, we wanted to determine the mode by which the vesicles were being 
transported along the axons.  The axon shaft is rich in microtubules, which are oriented 
such that their plus ends are directed toward the growth cone and their minus ends are  
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Figure 4.6.  Depolymerization of F-actin with cytochalasin D increases vesicle 
motility while depolymerization of microtubules decreases vesicle motility. 
Axons were labeled with FM1-43 and then cytochalasin D (CD) was added to 
depolymerize F-actin.  (A)  Still image of an axon containing FM1-43+ vesicles.  
Arrowhead indicates the vesicle depicted in the kymograph in (B).  (B)  Kymograph 
generated of a motile vesicle in (A).  Arrowhead indicates the starting position of the 
vesicle along the axon.  Note there is an overall anterograde movement.  (C)  
Quantification of the number of axons containing at least 1 motile vesicle.  Numbers in 
parentheses indicate the total number of axons scored in each treatment.  (D)  
Quantification of the mean vesicle velocity in control and cytochalasin D-treated axons ± 
SEM.  (E)  Still image of an axon containing FM1-43+ vesicles in which F-actin and 
microtubules were depolymerized.  Arrowheads indicate the vesicles depicted in the 
kymograph to the right.  Arrowheads on the kymograph indicate the starting positions of 
the vesicles along the axon. 
  
157 
   
  
158 
directed toward the cell body (Baas et al., 1988).  Because axonal transport along 
microtubules has been shown for other organelles (Hirokawa and Takemura, 2005), we 
depolymerized actin filaments with cytochalasin D prior to depolymerizing microtubules 
with nocodazole to prevent the axons from retracting.  Only a small number of vesicles 
were found remaining inside the axons, possibly due to increased transport of the vesicles 
following depolymerization of F-actin.  However, disruption of microtubules appeared to 
markedly decrease the motility of the remaining vesicles (Fig. 4.6E).  In fact, only 3 out 
of 18 axons (16.7%) contained motile vesicles and only 5 out of 61 vesicles (8.2%) 
scored within the axon shafts appeared to be transported.  It is possible that these rare 
vesicle movements were due to incomplete depolymerization of microtubules.  Overall, 
these results suggest that macropinosomes travel along microtubules within the axons.   
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Discussion 
 We previously found that guidance factors, including Shh, affect macropinosome 
formation in the axons and here we extend our observations to the motility of these 
vesicles along the axons (Kolpak et al., 2009).  The turnover of macropinosomes in the 
axons is regulated by positive axon guidance factors, such as a low concentration of Shh 
and laminin, but appears to be largely unaffected by a high concentration of Shh.  A low 
concentration of Shh significantly increased the percentage of axons containing motile 
vesicles in a cAMP-dependent manner, as the cAMP antagonist, Rp-cAMPS, abolished 
this effect induced by a low concentration of Shh.  A low concentration of Shh also 
increased the velocity of these vesicles and increased vesicle run length when cAMP 
signaling was activated.  A high concentration of Shh did not affect the number of axons 
with motile vesicles or vesicle run length but in combination with the cAMP agonist acts 
to increase retrograde vesicle velocity.  This suggests that perhaps the predominant role 
of a high concentration of Shh is in inducing the formation of macropinosomes in the 
growth cone rather than the maturation and motility of these vesicles following their 
internalization (Kolpak et al., 2009).  Lastly, disruption of the cytoskeleton showed that 
the macropinosomes are likely transported along microtubules and that depolymerization 
of actin filaments increases the motility of these vesicles.   
 By using FM1-43, we were able to directly observe the movement of vesicles as 
being bi-directional, saltatory and with varying velocities.  This is similar to the pattern of 
movement described for mitochondria, however, mitochondria are often found to undergo 
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fast axonal transport with average velocities of 50-100 mm/day (Brown, 2000; Cai and 
Sheng, 2009).  Studies on axonal transport classify slow transport as having a velocity 
below 50 mm/day (<0.6 µm/s) (Brown, 2000; Goldstein and Yang, 2000; Shah and 
Cleveland, 2002) and, based on the velocities we measured, the FM1-43-labeled vesicles 
belong to the slow transport system.  The velocities we observed are similar to the 
velocity of dextran+ macropinosomes reported in chick DRG axons, which were found to 
move retrogradely at a rate of 0.35 ± 0.04 µm/s (~30 mm/day) (Kabayama et al., 2009).  
However, the average retrograde velocity described for constitutive FM1-43+ endocytic 
vesicles in chick ciliary ganglion axons was 1.92 ± 0.71 µm/s (~100-200 mm/day), which 
is significantly greater than what we observed (Denburg et al., 2005).  It is not clear if the 
difference in vesicle velocity is attributable to different neurons being studied, culture 
conditions or methodology. 
 It has previously been suggested that macropinosomes formed in the axonal 
growth cone undergo retrograde transport along the axon shaft (Fournier et al., 2000; 
Denburg et al., 2005; Kabayama et al., 2009).  Similarly, we find that the majority of 
macropinosomes move retrogradely (67.4% of 132 vesicle runs in the control condition 
move retrogradely).  It is not clear why these vesicles would be retrogradely transported 
but it is possible that the retrograde movement is necessary to transport these vesicles 
back to the cell body where membrane or protein components may be recycled.  Because 
our filming periods are relatively short (3 minutes for each field of axons) we cannot rule 
out the possibility that some of these vesicles may be exocytosed directly within the 
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growth cone or possibly even along the axons shaft.  In fact, some of the anterogradely 
moving vesicles were observed to disappear in the growth cones, presumably fusing with 
the plasma membrane for recycling.  This is consistent with a previous report in which 
FM1-43+ vesicles were exocytosed in the growth cones of chick DRG axons in a Ca2+-
dependent manner.  Interestingly, they found that the FM1-43+ vesicles are 
asymmetrically exocytosed in the growth cone on the side facing attractive axon signals 
(Tojima et al., 2007).  However, it is not clear whether we have been investigating the 
same vesicles.  While both are labeled with FM1-43 dye, Tojima et al induced the 
formation of vesicles by KCl depolarization for 5 minutes and then subsequently 
destained for 30 minutes prior to experimentation.  We, on the other hand, did not 
depolarize the axons but rather labeled spontaneous endocytic vesicles and immediately 
followed their motility.  It would be interesting to determine if these vesicles are indeed 
similar by performing immunostaining to identify common markers.    
 Here we found that the effect of Shh on macropinosome motility appears to 
involve cAMP signaling.  Typically, cyclic nucleotide agonists have been shown to 
convert negative factor-induced repulsion to attraction while cyclic nucleotide 
antagonists have been shown to convert positive factor-induced attraction to repulsion 
(Song and Poo, 1999).  We observed a similar effect with a cAMP antagonist in response 
to a low concentration of Shh protein.  Pre-treatment with a cAMP antagonist 
significantly decreased the effect of a low concentration of Shh, a positive factor, on 
vesicle motility (Fig. 4.3B).  Interestingly, pre-treatment with a cAMP agonist increased 
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both retrograde and anterograde run length in combination with either a low or high 
concentration of Shh.  It is not presently clear what accounts for the increased run length 
and processivity of movement along the microtubules or how cAMP signaling cooperates 
with Shh to produce this effect.  The involvement of cAMP has been shown for the 
canonical transcription-dependent Shh pathway, as well as its noncanonical axon growth 
effect (Epstein et al., 1996; Hammerschmidt et al., 1996; Trousse et al., 2001).  In RGC 
axons, a high concentration of Shh was shown to decrease the concentration of cAMP in 
the growth cone (Trousse et al., 2001).  In the future, it will be interesting to determine if 
altering the cAMP signaling pathway has functional consequences on Shh-induced axon 
growth and guidance.  
 One surprising result is the effect of F-actin depolymerization on vesicle motility.  
Treatment with cytochalasin D increased motility of the vesicles (Fig. 4.6), suggesting 
that F-actin may be in some way negatively regulating the movement of vesicles along 
the axon.  This is similar to what has been reported for mitochondrial movement.  
Retrograde and anterograde mitochondrial velocity along chick sympathetic axons is 
increased in axons lacking actin filaments after treatment with cytochalasin E (Morris and 
Hollenbeck, 1995).  Additionally, depolymerization of F-actin with latrunculin B 
significantly decreased accumulation of mitochondria at NGF contact points, suggesting 
a possible role for F-actin in anchoring or docking the mitochondria in those locations 
(Chada and Hollenbeck, 2004).  It is presently not clear if F-actin is playing a similar role 
as a dock for the macropinosomes.  Another possibility is that F-actin may physically 
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hinder the binding of motor proteins to the macropinosomes.  Classically, 
macropinosomes are thought to result from actin-rich membrane ruffles folding back 
upon themselves and it has been shown that nascent macropinosomes are surrounded by 
F-actin in Dictyostelium (Swanson and Watts, 1995; Lee and Knecht, 2002).  Similarly, 
we also observed a coat of F-actin surrounding some of the dextran+ macropinosomes in 
the RGC axons (Kolpak et al., 2009).  Therefore, it is possible that F-actin is inhibiting 
tethering of the macropinosomes to motor proteins.  Further experimentation is required 
to distinguish between these possibilities. 
 Axoplasmic transport is critical in the developing and mature nervous system yet 
much work is needed to understand the regulation and biological function of the 
trafficking of cargoes, such as macropinosomes.  It remains to be determined whether 
trafficking of these vesicles along the axons is necessary for axon growth or the response 
of axons to guidance factors. Additionally, the motor proteins and the regulatory 
mechanisms involved in axonal transport, particularly slow axonal transport, remain very 
poorly understood.  A clearer picture of various modes of transport and molecular motors 
involved in trafficking macropinosomes may emerge in the near future.   
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Chapter V:  Discussion and Perspectives 
 In summary, we present evidence in this dissertation that Sonic hedgehog (Shh) 
acts through a noncanonical pathway to affect retinal ganglion cell (RGC) axon growth 
and guidance in a concentration-dependent manner.  It acts as a positive factor at a low 
concentration to induce axon growth and attractive turning and a negative factor at a high 
concentration to induce axon retraction and repulsive turning.  We further show that Shh 
also regulates macropinocytosis in a concentration-dependent manner, as a high 
concentration of Shh significantly induced macropinocytosis in the growth cone while a 
low concentration of Shh decreased macropinosome formation and additionally increased 
the motility of these vesicles along axonal microtubules.  We were able to characterize 
these vesicles as macropinosomes by testing the criteria established for macropinocytosis 
in non-neuronal cells.  These vesicles were labeled by the fluid-phase endocytic marker, 
dextran, and were large in size with an average diameter of 0.4 µm.  They formed 
independently of clathrin-mediated endocytosis but required dynamic F-actin for their 
formation, as both actin depolymerization and stabilization inhibited dextran uptake.  
Additionally, nonmuscle myosin II was required as inhibition with blebbistatin decreased 
dextran uptake while activation with calyculin A was sufficient to induce dextran uptake.  
Lastly, dynamin activity was necessary for their formation.  Interestingly, PI3K signaling, 
which has been shown to be involved in macropinocytosis in non-neuronal cells, was not 
required for dextran uptake in the axons, suggesting that perhaps different signaling 
mechanisms are employed in different cell types.  In Figure 5.1, we present a model for 
macropinocytosis in the axons, including known protein players and regulation by  
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Figure 5.1.  Model for the regulation of macropinosome formation and motility in 
the axons.   
Macropinosomes are formed within the growth cone either spontaneously or in response 
to negative axon guidance factors.  Bath application of negative guidance factors causes 
macropinocytosis to occur throughout the growth cone (light blue circles), while a 
gradient of negative guidance factors causes asymmetric macropinosome formation on 
the side facing the gradient (dark blue circles).  Macropinocytosis requires dynamic F-
actin, nonmuscle myosin II and dynamin.  The box in the lower left corner shows an 
enlargement of vesicle formation.  Myosin II generates forces to curve the membrane and 
dynamin localizes to the neck of the budding vesicle and is required for scission of the 
vesicle from the plasma membrane.  A coat of F-actin remains associated with nascent 
vesicles for a short time before being shed.  After internalization, the motility of the 
macropinosomes along axonal microtubules can be regulated by positive axon guidance 
factors, which increase their net retrograde movement.  
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positive and negative axon guidance factors.  While more work still needs to be done to 
identify other molecular components and signaling mechanisms governing 
macropinosome formation and motility in the axons, this work provides a basic 
framework to which future questions can be addressed.        
 There are two major models that have been proposed to be responsible for driving 
axon growth and guidance.  One model is that the microtubule and actin cytoskeletons 
provide the physical push and pull required for axon elongation and directional motility.  
The other model is that local translation of mRNA in the growth cone is required for the 
response of axons to guidance factors.  They are not mutually exclusive, as the local 
translation model suggests that regulated expression of cytoskeletal proteins, such as β-
actin or F-actin regulatory proteins, are critical in determining the response of the growth 
cone to axon guidance factors.   
 In the first model, axon motility and turning are thought to be mediated by the 
cytoskeleton and signaling induced by axon guidance factors always ultimately impinges 
on F-actin and microtubules.  Therefore, the cytoskeleton has often been viewed as the 
driving force for axon growth, retraction and turning.  The peripheral growth cone is rich 
in F-actin and polymerization of actin filaments is thought to lead to protrusion of 
filopodia and lamellipodia.  However, a large body of evidence suggests that actin 
undergoes centripetal retrograde flow, which requires the activity of myosin motors that 
are anchored, possibly to microtubules within the central domain of the growth cone (Lin 
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et al., 1996).  Therefore, the retrograde flow of the actin network is balanced by the 
polymerization of F-actin at the tips of lamellipodia and filopodia and any shift in the 
balance is responsible for net axon growth or retraction.  For example, if retrograde actin 
flow were decreased by inhibition of myosin activity while actin polymerization 
proceeded, then the axon would extend.  In this case, microtubules within the central 
domain of the growth cone would elongate and continue to push the axon forward.  
Conversely, if actin polymerization was inhibited or depolymerization of microtubules 
was induced, then the axon would retract (Schaefer et al., 2008; Lowery and Van Vactor, 
2009).  While it is attractive to visualize axon growth and retraction as a simple balance 
between the push of microtubules and pull of F-actin, it is unlikely that it is solely 
responsible for mediating axon motility.  The actin and microtubule cytoskeletons are 
undoubtedly necessary, as they provide the structural support within the axon, and it has 
been shown that depolymerization of microtubules with nocodazole induces axon 
retraction while depolymerization of F-actin with cytochalasin D decreases axon 
retraction and promotes growth (Solomon and Magendantz, 1981; Letourneau et al., 
1987; Ahmad et al., 2000; He et al., 2002).  However, being the structural support of the 
axons, their disruption ultimately disrupts many other processes which are likely 
necessary for axon motility as well.   
 The other model, which has been recently proposed, suggests that local translation 
of mRNA in the growth cone is responsible for axon responses to guidance factors.  
Growth cones have been shown to contain mRNA, ribosomes and proteins required for 
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translation, suggesting that local protein synthesis occurs in the axons (van Horck et al., 
2004).  Recent studies have shown that translation inhibitors can block the response of 
axons to guidance cues and protein synthesis is induced in isolated growth cones within 
minutes after application of guidance factors (Campbell and Holt, 2001; Piper et al., 
2006).  Additionally, growth cone steering has been shown to involve asymmetric 
translation in the growth cone, as the attractive guidance factors, netrin-1 and BDNF, 
induce translation of β-actin on the side of the growth cone facing the attractive gradient.  
Antisense oligonucleotides specific for β-actin mRNA blocked attractive turning towards 
netrin-1, however, did not affect repulsive turning away from Semaphorin 3A (Leung et 
al., 2006; Yao et al., 2006).  Therefore, repulsive guidance factors likely regulate a 
different set of mRNAs, and Semaphorin 3A has been found to upregulate expression of 
RhoA, a GTPase involved in axon retraction (Wu et al., 2005).  This local translation 
model and the one previously described are not mutually exclusive, as this one suggests 
that guidance factors direct growth cone steering by asymmetrically regulating the 
expression of F-actin-associated proteins, thereby affecting cytoskeletal dynamics.         
 However, in addition to cytoskeletal dynamics and local translation of mRNA in 
the growth cone, an increasingly large body of research now shows that regulation of the 
axonal membrane is essential for axon motility.  In fact, work over the years shows that 
increased insertion of membrane at the growth cone is essential for axon elongation 
(Zakharenko and Popov, 1998, , 2000; Pfenninger et al., 2003).  This makes sense when 
one considers that an axon needs more membrane to grow.  Studies have also shown that 
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simple stretching of the plasma membrane is not sufficient to support axon elongation, 
but rather exocytosis of membranous vesicles, which has been thought to occur 
specifically at the growth cone, is necessary (Zakharenko and Popov, 1998, , 2000).  
These vesicles, derived from the cell body, are transported along the axon shaft via 
microtubule-based motor proteins and delivered to the growing tip.  It has also been 
speculated that asymmetric exocytosis within the growth cone is responsible for attractive 
axon turning, with increased exocytosis of membrane occurring in the direction of growth 
(Tojima et al., 2007).  A similar mechanism has been proposed to regulate directional 
motility of cells, with increased exocytosis of membrane at the leading edge and 
enhanced endocytosis at the rear (Bretscher, 1996; Schmoranzer et al., 2003).   
 Here, we find that endocytosis via macropinosome formation may be important 
for axon retraction and repulsive axon turning.  A number of negative axon guidance 
factors, such as a high concentration of Shh, Slit2, ephrin-A2 and Semaphorin 3A, have 
all been shown to induce macropinocytosis in the growth cones, suggesting that it is a 
general response of axons to these negative factors (Fournier et al., 2000; Jurney et al., 
2002; Kolpak et al., 2009).  Based on our time-lapse microscopy experiments, we find 
that macropinocytosis appears to occur prior to visible axon turning and growth cone 
collapse, suggesting that macropinocytosis is a cause, rather than an indirect effect, of 
repulsive turning and collapse.  However, while it is attractive to speculate that 
membrane trafficking events drive axon growth and retraction, it is also unlikely.  Cells 
have evolved complex mechanisms to regulate basic cellular processes to ensure their 
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fidelity.  Therefore, axon motility and guidance require an orchestration of events.  It is 
likely, then, that axon growth and turning involve the coordinated action of cytoskeletal 
forces, local translation, exocytosis, endocytosis as well as a host of other cellular 
processes.   
 Axon guidance factors have been typically categorized as being either positive or 
negative, inducing either attraction or repulsion, and the idea that a particular cue could 
act in a concentration-dependent manner as both an attractant and a repellent was 
considered unlikely (Tessier-Lavigne and Goodman, 1996).  However, more recently, an 
increasing number of axon guidance factors are reported to act in a concentration-
dependent manner.  Here, we show that Shh affects axon growth and guidance depending 
on its concentration and other reports show concentration-dependent effects of ephrin-
A2, NGF and Wnt3 (Conti et al., 1997; Hansen et al., 2004; Kolpak et al., 2005; Schmitt 
et al., 2006).  In the future, it will be interesting to see if this is a general feature of other 
guidance factors as well.  This concentration-dependent effect is just one example of how 
guidance factors do not necessarily have absolute effects, but rather have contextual 
effects, on the axon.  Additionally, the response of an axon to a guidance factor is also 
determined by receptors expressed on the axon itself, which has been shown to be the 
case for netrin-1, and by many other factors, such as the ratio of cAMP to cGMP within 
the axon, or the extracellular environment in which the axon is growing.  All these factors 
make it impossible to categorize a particular guidance factor as a positive or negative cue.  
Instead, the context in which the cue is presented is critical in determining the axonal 
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response.  In this way, it is easier to envision how the neural circuitry can be so precisely 
wired during development.  Although there are many molecules that have been 
indentified as axon guidance factors, the fact that these factors can elicit such varied 
responses from the axons based on subtle cell intrinsic and extrinsic factors provides the 
fine-tuned regulation necessary to create such an elaborate, precisely ordered network.    
 There are many questions that arise from the work we have done.  One obvious 
question is what is the function of macropinocytosis in the growth cone?  It is currently 
not clear if macropinocytosis is necessary for simply removing membrane associated 
with growth cone collapse or redistributing membrane associated with repulsive axon 
turning.  Alternatively, macropinocytosis may be necessary for decreasing the cell 
surface expression of certain proteins.  For example, these vesicles may be important in 
removing cell adhesion molecules from the growth cone to facilitate rapid detachment 
from the substrate.  Alternatively, the vesicles may be important in internalizing signaling 
molecules, such as ion channels or receptors, that are critical for regulating intracellular 
signaling mechanisms.  These possibilities are not mutually exclusive and 
macropinocytosis could have multiple effects on the axon, which are coordinated to 
affect directional axon motility.    
 One interesting area for future research would be to more definitely determine the 
molecular mechanisms governing macropinocytosis in the axons.  Macropinocytosis is a 
poorly characterized type of endocytosis and a clearer picture of the proteins involved in 
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the process need to emerge in order to be able to more fully understand the mechanism of 
macropinocytosis as well as its biological function.  If these vesicles could somehow be 
isolated and associated proteins enriched in these vesicles identified, it might allow us to 
better understand the molecular mechanisms governing the formation and maturation of 
these vesicles.  In the work presented here, we tested all of the known players to classify 
the dextran-positive vesicles as macropinosomes.  These involved dynamic F-actin, 
nonmuscle myosin II, dynamin, PI3K signaling as well as an independence of clathrin.  
However, none of these are truly specific to the macropinosome itself.  The few markers 
for macropinosomes that have been published in the literature are controversial and none 
of them have been shown to label macropinosomes in a variety of contexts or cell types.  
Perhaps macropinosomes are molecularly different in different cell types.  For example, 
in our study we found that PI3K signaling was not required for macropinocytosis induced 
by a high concentration of Shh in the RGC axons but it has been fairly well established as 
a requirement for macropinocytosis in other cell types (Araki et al., 1996; Hooshmand-
Rad et al., 1997; Amyere et al., 2000; Amyere et al., 2002).  One explanation is that there 
are cell-specific signaling requirements.  Another possible explanation involves the 
methods by which macropinocytosis is induced.  In the epithelial cell culture models, 
macropinocytosis is sometimes induced by growth factors, such as PDGF or EGF, which 
signal through receptor tyrosine kinases that have been well established to activate PI3K 
(Cantley, 2002).  Therefore, the assignment of PI3K as a requirement for 
macropinocytosis may have been born based partly on the methods by which it was being 
stimulated.   
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 Another interesting and important question is what is the ultimate fate of these 
vesicles?  Through short term time-lapse microscopy experiments we have seen the 
retrograde movement of these vesicles from the growth cone along the axon shaft.  
Additionally, some of these vesicles have been observed to ‘disappear’ in the growth 
cone, suggesting that they might be fusing with the plasma membrane.  This is consistent 
with previous reports showing the exocytosis of membranous vesicles in the growth cone 
(Zakharenko and Popov, 1998; Pfenninger et al., 2003).  However, the retrograde 
movement of these vesicles towards the cell body poses many questions.  Most 
importantly, what is the functional significance of this transport?  Are the vesicles 
transported and delivered to the cell body?  If so, what are the signals mediating the 
interaction of the macropinosomes with microtubule-based motor proteins?  Also, are 
these vesicles processed or recycled?  Do the molecular components of the 
macropinosomes change over time such that it undergoes maturation as proposed in other 
cells types?  And if so, are these events regulated by axon guidance factors?  All of these 
are important questions which will ultimately aid in our understanding of 
macropinocytosis and the molecular mechanisms governing membrane trafficking events 
associated with axon growth and guidance.    
 Overall, this work has been important in identifying Shh as a regulator of axon 
growth and guidance, macropinocytosis and vesicle transport.  However, more 
importantly, this work has been seminal in expanding the current dogma regarding axon 
growth and motility.  While there is an exhaustive amount of literature describing the role 
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of axon guidance factors in regulating the actin and microtubule cytoskeletons, we are 
now beginning to see a bigger picture in which these guidance cues are affecting other 
aspects of the axonal cytoarchitecture, which are likely equally important in affecting its 
motility.  We cannot simply explain axon growth and guidance as a push or pull of the 
cytoskeleton.  It requires much more fine-tuned regulation and a host of other players.  In 
addition to cytoskeletal and membrane trafficking events, the regulation of cell adhesion 
molecules present on the growth cone surface, the expression of ion channels, guidance 
cue receptors, intracellular second messengers and the composition of the extracellular 
environment all play a role and impinge on the same result:  a motile axon.  A lot of our 
knowledge of the mechanisms governing axon growth and guidance come from in vitro 
experiments in which we purposely create a very defined, reproducible culture system.  
However, in vivo there exists a great complexity that is difficult to recapitulate in a dish.  
In the future, it will be exciting to see how all the complex cellular processes interact and 
are coordinated to ultimately regulate axon growth and guidance.         
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